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Some Experiments in Dynamics, Chiefly on Vibrations 


JoHN SATTBRLY 
University of Toronto, Toronto 5, Canada 


N Toronto we have been doing, for some years 

past, experiments in dynamics which call for 
a little more mathematics than those that are 
commonly called first-year experiments. They 
are in our second course of laboratory work on 
Mechanics and Properties of Matter and deal 
with vibrations, sometimes bringing in rather 
harder differential equations than a first-year 
man can tackle. The apparatus is so simple 
that the following brief descriptions, with refer- 
ences, will be adequate for any reader who 
wishes to duplicate the experiments. 


1. Rocking of Bodies on Circular Bearings 


A typical problem is stated by Lamb! as 
follows :—‘‘A circular cylinder of radius a, whose 
mass center is at a distance b from the axis, rolls 
on a horizontal plane. This problem includes the 
case of a compound pendulum whose knife-edge 
is replaced by a cylindrical pin which rolls on 
horizontal supports.”’ 

He shows that, if the amplitude is small, the 
time of vibration 7, of the forward and back- 
ward rocking movement, is given by 


k?+(a—b)?\3 
(ey 
bg 


where & is the radius of gyration of the whole 


1H. Lamb, Dynamics, 2nd edition (Cambridge Uni- 
versity Press, London, 1923), Sec. 66, p. 188. The symbols 
used in the present article differ occasionally from those 
used in the sources quoted. 


body about an axis through the mass-center G 
parallel to the axis of the cylinder on which the 
body rolls, and g is the acceleration due to 
gravity (Figs. 1a and 1b). If Z is the length of 
the equivalent simple pendulum, then we may 
write 


L=[k+(a—6)?]/b. 


Lamb adds: ‘The results evidently apply to 
any case of a solid of revolution rolling parallel 
to a vertical plane of symmetry, at right angles 
to the axis.” 

Figure 1 (a) shows a portion of a cylinder, cut 
so that the mass-center G is displaced from the 
geometric center O of the cylinder. Figure 1 (b) 
shows a pendulum on a rounded knife edge. 
Assuming the well-known equation for the period 
of a compound pendulum, viz., T= 2a[(k?+h*)/ 
hg }*, where h is the distance of the mass-center 
from the point of support, Lamb’s expression is 
fairly obvious if sufficient approximation is made 
for very small amplitude. 

In the laboratory we have used the following 
bodies, shown in Fig. 2 and described in Table I. 
Some of these test-objects were picked up from 
the supply and junk shelves of the workshop 
and laboratory storerooms. The deduction of the 
expressions for L from Lamb’s formula gives 
good practice to the student and tests his ability 
to deal with centers of gravity and moments of 
inertia. 

In experimentation the test-objects were 
placed on a smooth table top, set rocking, and 
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406 JOHN 
timed with a stop watch. Three sets of 10 
vibrations are usually made. The values of a 
range from 3 cm up to 18 cm and the period is 
usually less than 1 sec. The agreement between 
theory and practice is fairly good (i.e., to within 
five percent). It is convenient to remember and 
use the locally correct equations, T=272(L/g)} 
=0.2006L} (in Toronto), so that the approximate 
expression T=+}L} enables one to make a quick 
mental or slide-rule calculation. 

We have also a number of incomplete circular 
bands cut from the same large thin-walled brass 
tube (diameter 30.6 cm, thickness 0.15 cm). 
They were originally made to show that when 
balanced on a knife edge and set in vibration as 
compound pendulums they have the same period 
irrespective of sectorial angle (L=2a). When in- 
verted as in Fig. 3 and set rocking it is easy to 
show that L=2a(a/sina—1), where a is the 


Fic. 1(a). A rocking incomplete circular cylinder. (b) A 
compound pendulum supported by a circular Peg ona 
horizontal support and set in vibration, 
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semisectorial angle.2 Our method of finding a is 
to lay the complete band on a drawing board, 
mark its trace, find the center of the circle and 
then lay, in turn, the incomplete bands on the 
trace, mark their ends and measure a with a 
protractor. 

With the radius given above the period of 
vibration varies from 0.5 sec with a band for 
which a=59° to 1.4 sec with a band for which 
a=120°. We tabulate in separate columns: The 
band identification number, a (deg), @ (rad), 
a/sine (from tables), 2a(a/sina—1) or L, L}, 
period (calculated), period (observed). Follow- 
ing the best laboratory practice, the student is 
encouraged to tabulate his observations when- 
ever they lend themselves to such a mode of 
presentation. The complete experiment involves 
using the six brass arcs that form the set, first 
as compound pendulums and then as rockers. 


2. Rocking of an Elliptic Plate 


Lamb sets the following exercise: ‘‘A cylinder, 
of any form of section, rocks on a horizontal 
plate making small oscillations about a position 
of equilibrium.” Find the period. He shows that 


L=(k?+h?)/(R—h), 


where k is the radius of gyration of the cylinder 
about an axis through its mass-center per- 
pendicular to the plane of rocking, h is the dis- 
tance of the mass-center from the point of con- 
tact corresponding to the most stable position, 
and R is the radius of curvature of the curve at 
the same point of contact. 

For an elliptic plate or disk or short cylinder— 
call it what you will—of semi-axes a and b} 


(Fig. 4), k? = (a?+0?)/4, R=a*/b; hence* 


bsa?+50? 
L=-( ). 
4\ a? -B? 


We test this expression with a wooden elliptic 
plate which we found among the remains of an 
old set of geometric models. Its dimensions are 
2a = 37.7 cm, 2b = 24.6 cm, thickness about 5 cm. 
The calculated period is 0.81 sec. The experi- 
mental period varied from 0.75 sec with small 


2 Note what happens at the two limits, e=0 and a=7z. 
3 See reference 1, Sec. 66, p. 189. 
* Note what happens at the limits b=a and b<a, 












amplitudes to 0.80 sec with large amplitude. 
The difference is possibly due to imperfections 
on the rocking surfaces. 


3. Spiral Springs in Series and in Parallel 


By spiral springs I mean what are more cor- 
rectly designated as flat cylindrical springs. We 
have in the laboratory a large number of such 
springs that I have removed from old roller 
blinds in my modest housewifely spring-cleaning 
renewals. After these springs have been stretched 
so that their coils are nowhere in contact with 
one another they behave much better as far as 
Hooke’s Law is concerned than most ‘“‘boughten”’ 
or shop-wound springs. We make these roller- 
blind springs slightly different from one another 
by cutting off an inch or so of the length, finally 
bending over the ends of the wire to make loops 
for connections. 

We hang these springs in turn from a support 
and make extension and vibration experiments 
and confirm the equation 


T =22(M/))}, 


where A=the force constant of the spring 
= Mg/y, and y =the extension of the spring pro- 
duced by the load M (or the weight or force Mg). 
We find half-kilogram hooked masses (‘‘weights” 
to the uninitiated) very convenient for this ex- 
periment. Since readings are to be comparative 
the force constant is calculated for a unit load of 
1.5 kg and the periods are measured for the same 
load. This loading is suitable for the springs we 
use. 

In the first part of the experiment we obtain 
the usual results obtained by first-year students, 
viz., with increasing loads the extension is pro- 
portional to the load (Hooke’s Law). From this 
we calculate a mean value of . Also the square 
of the period of up-and-down vibration is pro- 






Fic. 2. Various laboratory objects that rock on 
circular arcs. 
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TABLE I. Bodies rocking on circular bearings of radius a. 


Geometric shape Source of supply Value of L 
Solid hemisphere Half a billiard ball. 1.7334 
Solid spherical Cut from a billiard 0.3744 
cap ball; height a/2. 
Thin hollow Copper bow];2 also 1.333a 
hemisphere _ evaporating 
ishes. 


Solid semicircle Cut on the lathe, brass. (9/8r —2)a, or 1.53434 
Semicircular band Half of a short length (# —2)a, or 1.14164 
of thin-walled brass 


tube. 
Thick semicircle Cut on the lathe, 3x (3a? +b?) (a —b) _ 


radii a and b, brass. 8 a? —b* * 


@ Central Scientific Company, Cat. No. 75252. 


portional to the load.§ From this we get a mean 
value of \. The student now obtains \, and ¥,, 
Ae and ye, A3 and ys for each of the three springs 
1, 2, 3, supplied. 

In the second part of the experiment with the 
springs in series (Fig. 5a), we repeat the experi- 
ment, getting A, ys, 7, the subscript s denoting 
“in series.” It follows from theory (including 
common sense) that 


Vs=VitVet+7s, (1) 
and 
1/Xs=1/A1+1/A2+1/A3. (2) 
Therefore, with the same load (1.5 kg) 
T?=T?Y+T2+T¥. (3) 


The right-hand sides of Eqs. (1), (2) and (3) 
are calculated from the data previously acquired 
and compared with the “observation” values of 
Ys, Xs, Ts inserted in the left-hand sides. The 
agreement is fair. 

In the third part of the experiment the springs 
are put in parallel (Fig. 5b) and the experiment 
is repeated to determine >», Ap, Tp, the subscript 
p denoting “‘in parallel.’”’ It follows from theory 
(and common sense) that 


Ap=AitrAst+As, (4) 
1/yp=1/yi1t+1/y2+1/7s, (5) 

and with the same load (1.5 kg) 
1/T?=1/T?2+1/T?+1/T?. (6) 


Equations (4), (5), (6) are now verified by com- 
paring the calculated right-hand sides with the 
observed left-hand sides. Again fair agreement is 
obtained. 





5 | omit the small correction due to the mass of the spring. 
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Fic. 3. Five incomplete circular bands standing on a table, ready for rocking. A sixth band is the 
complete circle not shown in the figure. 


4. A Double-Ended Spring Experiment 


Two nearly identical springs are attached by 
hooks to a hollow metal ball B (Fig. 6a) at the 
center, and at the far ends to the arms of a hori- 
zontal wooden framework about six feet long. 
The springs are under considerable tension so 
that when the ball is displaced to the right or 
left (Fig. 6b) both springs are always under ten- 
sion. The longitudinal vibrations are therefore 
simple harmonic vibrations. This method of sup- 
porting a ball has an advantage over the ordinary 
vibration experiment—a load hanging from a 
spring—in that gravity does not have to be 
taken into account. The ball is hollow so that it 
does not cause the springs to sag appreciably.® 

We shall assume the springs are equal in 
length and in force constants; if they are not, the 
equations below can be modified to represent 
the actual case. Let M be the mass of ball and 
\ the force constant of each spring. For longi- 
tudinal vibrations (Fig. 6b) the period JT; is 
given by T7,=22(M/2n)!. Suppose now the ball 
is set in transverse vibration so that the springs 
move sideways, as in Fig. 6c, which is a plan 
of the apparatus. Let L be the unstretched length 
of each spring, L’ the stretched length of each 
spring when the ball is at rest, and L” the 
stretched length of each spring when the ball is 
at the extremity of a small transverse displace- 
ment of magnitude x. The central force is 


2n(L" —L)(x/L") 
(L?-4-22)! —L 
cay | 


bs 
= 2ne( 1 =) 
L’+x)! 


*If the ball or cylinder had a hole bored through it 
large enough for the spring to pass through it, the middle 
of the spring could be fastened to the ball and one spring 
only would * required. 


=2re| 


E x 
=2e{ 1 -=(1 -1—+---) 
L' L” 


L 43Lx 
=2.x(1-=+ +). 
L’ L*’ 


For small values "of x we may neglect the last 
term ; hence 


ax iE 
M—+2re 1 -=) =(, 
df? Ee 


rimte( as 


T2/TP=L'/(L'—-L). 


The lengths can be measured and the periods 
observed. The confirmation is approximate only 
as the transverse vibrations are not really 
simple harmonic. 

While the apparatus is in use it is interesting 
to pull the ball aside obliquely and watch its 
vibrations as it traces Lissajous’ figures with 
varying phases. With a polished ball in a good 
light the appearance is very pretty. 


whence 


5. The Double Pendulum 


The double pendulum is an interesting ar- 
rangement of simple pendulums and is fairly 
well treated by Lamb.’ 

Using his notation and following him closely 
we may say the double pendulum consists of ball 
of mass m, suspended by a thin string of length /, 
supporting a ball of mass m’ by a thin string of 
length 7’. The vibrations are supposed to be 
confined to one vertical plane and to be of small 
amplitude. The vibrations may be of two types 
(Figs. 7a and b). 


7 See reference 1, Sec. 44, p. 129. 
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If x and y are the horizontal displacements of 
m and m’ from the vertical through O (Fig. 7), 
the tensions in the strings will be very nearly 
(m+m’)g and m’g and the equations of motion 
are therefore 


md*x/dt? = —(m+m’)g(x/l)+m'g(y we 
m'd?y/d? = —m'g(y —x)/l’. 


Assuming that it is possible for m and m’ to 
perform simple harmonic motions of the ‘same 
frequency and coincident phases, we may write 


x=A cos(nt+e), y=Bcos(ni+e), (8) 


whence by differentiation of Eq. (8), substitu- 
tion from Eq. (7) and elimination of A and B 
we get 


m§—(1+4)(1/1+1/0')gn?+ (1+n)g°/ll’=0, (9) 


where n is the frequency of vibration and 
p=m'/m. The roots of this quadratic are real 
and positive and one is greater than the greater 
of the two quantities g/] and g/l’ and the other 
is less than the lesser of these two quantities. 
Denote the roots by n;? and n,?. The periods 
are, therefore, 27/n, and 27/nz. 

In each mode of vibration the particles keep 
step with each other, but in one mode x and y 
have the same sign (Fig. 7a) and in the other 
mode x and y have different signs (Fig. 7b). 
Lamb calls these the normal modes of vibration. 
It will be noted that / and /’ enter symmetrically 
in Eq. (9) so that the periods remain unaltered 
if the strings are interchanged. The value of yu 
depends on which is the upper (or lower) of the 
masses so that the periods are changed if the 
balls are interchanged. This is confirmed by 
experiment. 

In our experiments, we use small brass balls 
each provided with two small hooks for sus- 
pension and attachment. The strings are lengths 
of fine fishing line also provided with hooks so 
that interchanging of balls and strings is quickly 
done. The pendulum is suspended from a fine 
steel hatpin driven into the end of a horizontal 
rod held in a tall clamp. The balls are weighed 
and the strings are measured. There is a little 
difficulty in the precise measurement of / and 1’. 
The length of / is measured from the support to 
the center of the upper ball but one is undecided 
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whether to measure /’ downwards from the center 
of the upper ball or from its lower hook. The 
string should be practically non-stretching under 
the loads actually used. Denoting the longer and 
shorter strings by L and S respectively, and the 
larger and smaller balls by B and M respec- 
tively, the four arrangements showing the order 
of the strings and balls, LBSM, LMSB, SBLM, 
SMLB are tested by experiment and the ob- 
served results compared with the results calcu- 
lated from Eq. (9). . 

In one of our experiments, m= 107 g, m’=29 g, 
u=0.27, 1=71 cm, l’=59 cm. The arrangement 
was LBSM. Experiment gave periods of 2.0 sec 
and 1.1 sec for the two modes shown in Fig. 7a 
and Fig. 7b, respectively. Theory gives values 
of 10.8 and 27.2 for n? and, therefore, periods of 
1.9 sec and 1.2 sec for the modes considered. 
When the arrangement was changed to SBLM 
the periods were unaltered. 

The arrangements LMSB and SMLB were 
then set up. Here »=3.70. Experiment gave 
periods of 2.28 sec and 0.52 sec. Theory gave 
the values 8 and 135 for n?, whence the periods 
are 2.3 sec and 0.55 sec. , 

The experiment was repeated with balls of 
masses 71.0 g and 52.1 g, and strings of lengths 
76.5 cm and 54.0 cm. The arrangements LBSM, 
SBLM gave observed periods of 2.10 and 0.97 
sec and calculated periods of 2.06 and 0.94 sec. 
The arrangements LMSB and SMLB gave ob- 
served periods of 2.15 and 0.80 sec, and calcu- 
lated periods of 2.15 and 0.78 sec. 

Lamb proceeds to study two special cases de- 
pending on the limiting values of u. 

(1). » very small. In this case Eq. (3) approxi- 
mates to *— (1//+-1/l’)gn?+ g?/ll’ =0 and there- 
fore n=g/l and n,?=g/I', respectively. In the 
normal mode corresponding to the former of 
these (Fig. 8a), the upper ball oscillates almost 
like the bob of a simple pendulum of length /, 





Fic. 4. An elliptical plate standing edgewise on the table. 








b 
a 


Fic. 5(a). Three spiral springs hanging in series and 
carrying a load; (b) the same, in parallel. 


being only slightly affected by the smaller ball, 
while the latter behaves much like the bob of a 
simple pendulum of length /’ whose point of 
suspension has a forced vibration of period 
2x(1/g)*. In one experiment m=71.0 g, m’ =2.13 
g (and therefore ».=0.03), 2=76 cm, 1’ =53 cm. 
The observed period of both balls was 1.8 sec, 
and the calculated period, 0.20 (76)! or 1.74 sec. 

With the strings interchanged the observed 
period was 1.43 sec and the calculated period 
0.20 (53)! or 1.45 sec. In this normal mode the 
amplitude of vibration of the lower ball fluctu- 
ates considerably, a swing of almost zero value 
occurring about once in every four or five swings. 

In the second normal mode (Fig. 8b) the upper 
ball remains comparatively at rest whilst the 
lower ball oscillates much like the bob of a simple 
pendulum of length 7’. For example, with the 
same masses and strings as just described, when 
l’=54 cm the observed period of m’ was 1.43 
sec and when /’=76 cm the period was 1.79 sec. 
After many vibrations the amplitude of the big 
ball increases and this causes amplitude changes 
in the motion of the lower ball. 


JOHN SATTERLY 






(2). u very large. Equation (3) now becomes ap- 
proximately m*—y(1//+1/l’)gn?+ug?/Il' =0, and 
the roots can be shown to be n,;?=yg(1//+1/l’) 
and n2=g/(/+/'), respectively. With the former 
root the lower ball is at rest while the upper 
ball vibrates like a particle attached to a string 
of length (/+/’) which is stretched between two 
fixed points with a tension m’g (Fig. 9a).8 

In one of our experiments, m= 2.13 g, m’ =72.0 
g, #= 32.7, 1=75 cm, l’=53 cm. Experiment gave 
for the mode of Fig. 9a, a period of 0.22 sec. The 
calculated period is 


75 X53 4 
ae) 
32.7 X980 KX 128 


which is 0.20 sec. In the second mode (Fig. 9b), 
the two balls are nearly always in a straight line, 
with the point of suspension, the lower ball 
oscillating like the bob of a pendulum of length 
(1+/'), the upper ball having very little effect. 
With /=75 cm and /’=53 cm, experiment gave a 
period of 2.28 sec while theory gives 0.20 (128)! 
or 2.26 sec. 

The rest of Lamb’s article on the double pen- 
dulum is interesting reading, especially the por- 
tion dealing with the fluctuating amplitudes of 
vibration. In the laboratory the students find 
good agreement between theory and practice 
and this experiment is one which they really 
enjoy, for it connects up their practical work 
with the differential equations of vibrations. 





Fic. 6(a). A ball supported by two horizontal springs 
in tension; (b) the same, in longitudinal vibration, (c) the 
same, in transverse vibration. 


8 The proof of this is edsy; it is, however, given in Lamb, 
see reference 1, Sec. 10, Ex. 3, p. 28. 








EXPERIMENTS IN DYNAMICS 


m’ 


) ayonsecseee bee 


Fic. 7. The double pendulum showing, in general, the two 
normal modes of vibration. 


6. Transverse Vibrations of a Uniform Chain 
Hanging by One End 


This problem is taken up by Lamb® who con- 
siders that a uniform flexible chain is suspended 
from one end and allowed to sway to and fro in 
a vertical plane. The fundamental mode of 
vibration and the first overtone are studied. 

A preliminary attack by the theory of dimen- 
sions may be made. One would expect the period 
of transverse vibration to depend upon the 
length / of the chain, the mass of unit length p, 
and the acceleration of gravity g»Put T = Cl*p¥g 
where C is a numerical constant. Substituting 
the dimensions we get 


(T]=C(L}CM/L}(LT~};, 
whence 


O=y, O=x-y+2, 1=—2z2. 


Therefore z= —3, x=} and T=C(l/g)}, with a 
similar expression for the overtone. 

This experiment is interesting for here we have 
the case of a nonrigid pendulum and the mathe- 
matical solution introduces the student to Bessel’s 
functions. 


Lamb assumes the vibrations are small so that 


°H. Lamb, Higher Mechanics (Cambridge University 
Press, London, 1929), Sec. 91, p. 225 and Sec. 95, p. 238 


Fic. 8. The modes of 
vibration of the double 
pendulum when the mass 
of the upper ball is many 
times greater than the 
mass of the lower ball. 


ob 


vertical motion may be neglected. Assume an 
origin at the lower end of ‘the equilibrium posi- 
tion (Fig. 10). Let p be the linear density of the 
chain. The pull at the point x, y=gpx=P, say. 
Consider an element of length 6x. The horizontal 
components of the pulls on the lower and upper 
ends of the element 6x are 
~(P2) 5x, 


Therefore the 


dy 
—P— and Po 
dx dx ae 


the derivatives being partial. 
equation of motion is 


” (2)- a Poss, 


y d¢ dy 
2-42) 
qe  dse\ de 
To ascertain the normal modes of vibration 
we assume, as usual, a solution of form y= Ye’, 


where Y is the maximum displacement as a 
function of x. Hence 


Wal 
dx 
It is now convenient to replace x by a new 


variable. Put x =}g7?, where 7 is a time (see the 
next experiment where the meaning of 7 is 
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Fic. 9. ‘The modes of 
vibration of the double 
pendulum when the mass 
of the lower ball is many 
times greater than the 
mass of the upper ball. 


{ 
a b 


made clearer). On substitution and algebraical 
treatment we get 


dy idy 
—+4-—+0*y=0. 
dr? trdr 

The solution, which is finite for r=0, is 


y = CJo(ar)cos(ct+e), (10) 


where Jo(or) is the Bessel function of zero order, 
viz: 
or? o'r! 
Jo(or) =1 -——+ 
22 22.42 


and C is arbitrary. The value of 7 corresponding 
to the upper end (x=/) is 
71 = (4l/g)*=2(1/g)}, 
and the condition that this end is fixed gives 
Jo(or1) =0. (11) 


Equation (11) determines the admissible values 
of o. The types of the corresponding normal 
vibrations are given by Eq. (10). The roots of 


Eq. (11) are (see Tables) 
2.4048, 5.5201, 8.6537, 


the successive differences approaching the value 
of x, or as Lamb writes 


o7,/m=0.7655, 1.7571, 2.7546, 


the successive terms tending to the form (s—4), 
where s is an integer. The longest period, there- 
fore, is 


T=2x/(the o corresponding to o7r;/r=0.7655) 
= 2x/(0.76552/71) = 20 {2(1/g)*} /0.76554 
= (4/0.7655) (2/g)!=5.225(1/g)}. 


That is, g7?=27.3 (ft), or 1/T?=35.9 (in To- 
ronto), or T=0.1669/' (sec). This result may be 
compared with T=0.201/! for a simple pendulum 
and T=0.164/' for a uniform-rod pendulum sus- 
pended from its end. 

In the modes after the first, the values of + 
corresponding to the lower roots give the nodes 
or points of inflexion. Thus for the second mode 
there is a node at the point determined by 


x/l= (1/71)? = (0.7655/1.7571)? =0.190, 
and the period of this first overtone is given by 
T’ = (4/1.7571) (1/g)* 


or gT’?=5.18). 

The two modes are represented on different 
scales in Fig. 11. The node N of Fig. 11b corre- 
sponds to the point of suspension of Fig. 11a. 

In our laboratory experiment we use a common 
chain sold as No. 14 jack chain.!° It is cut into 


X 


Fic. 10. The swaying sus- 
pended uniform chain. 


Oo Y 


10 This is a steel chain of small smooth links, weighing 
about 12 feet to the pound. 








TaBLE II. Observations of a chain swaying in its 
fundamental mode. 


Observed times of 10 pubs 





1 (cm) vibrations (sec) (sec) eT2/l 
180.0 22.3, 22.5 2.24 27.3 
159.5 21.65, 21.05 2.105 27.2 
140.9 19.85, 19.95 1.99 27.6 
120.6 18.2, 18.4, 18.4 1.83 23.3 
101.7 16.9, 16.8 1.69 27.4 
79.8 14.9, 14.9 1.49 2i.3 
59.5 13.0, 12.9 1.295 27.6 
40.8 10.6, 10.7, 10.7 1.067 a3 
Mean 27.4 


lengths of approximately 20, 40, 60---180 cm, 
and each length in turn is suspended from a pro- 
jecting horizontal nail on the wall, set swaying 
in its fundamental mode and its period found. 
The tabulated values of gT?// agree well amongst 
themselves and with the theoretical value 27.3 
Typical observations are recorded in Table II. 

It is quite difficult to make the chain vibrate 
in its first overtone and many attempts may be 
necessary to get a good shape with a stationary 
node. A few results are given in Table III. 

In their reports the students work out from 
theory and from mathematical tables the shape 


A 





¢-|+-->>3 


Fic. 11. The swaying chain (a) in its fundamental mode, 
(b) in its first overtone. 
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TaBLE III. Observations of a chain swaying in 
its first overtone. 





Distance of Calculated 


node from nodal dis- Time of 10 Period 
Length bottom tance vibrations 
1 (cm) (cm) 0.1902 (cm) (sec) (sec) gT’2/l 
180.0 34.0 34.2 9.9, 9.8 0.99 5.46 
159.5 30.5 30.3 9.3, 9.2 0.925 5.26 
140.9 26.5 26.7 - 8.9 0.89 S.51 
8. 
Mean 5.4 


TABLE IV. Predicted numerical information relating 
to a swaying chain. 


2.405(x/l)t 
x (cm) x/l (x/D3 =or Jo(or) 10Jo(er) 
0 0 0 0 1.000 10.00 
20 1/9 0.333 0.802 0.845 8.45 
40 2/9 0.471 1.133 0.704 7.04 
60 3/9 0.577 1.388 0.574 5.74 
80 4/9 0.667 1.603 0.453 4.53 
100 5/9 0.745 1.793 0.341 3.41 
120 6/9 0.816 1.965 0.242 2.42 
140 7/9 0.881 2.121 0.155 1.55 
160 8/9 0.943 2.269 0.073 0.73 
180 1 1.000 2.405 0.000 0.00 


of the chain. Thus for the fundamental mode 
with a chain of length 180 cm and assumed ampli- 
tude at the bottom of 10.0 cm, a7 =2.4048(x/I)*. 
The pertinent numerical quantities are as given 
in Table IV. From the numbers in the last 
column a careful plot is made to show the true 
shape of the chain in one of the extreme positions 
of its fundamental vibration (Fig. 11a). In the 
same way, for the chain vibrating in its first 
overtone, calculation of the values of a[5.520(x/ 


2)*], (where a is the amplitude at x=0), for 


different values of x// will enable the true shape 

of the chain to be realized graphically (Fig. 11b). 
The students like this experiment with its 

practical introduction to Bessel’s functions. 


7. The Passage of a Transverse Wave 
Up and Down a Hanging Chain 


This experiment is done immediately follow- 
ing the one just described. The usual formula for 
the velocity of propagation v of a transverse 
pulse along a horizontal wire stretched by a pull 
T is 

v=(T/p)}, 
where p is the linear density of the wire. If we 
may apply this expression to the hanging chain 
of Sec. 6 the velocity of a transverse wave up or 
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Fic. 12. A trans- 
verse pulse travelling 
up (and down) a hang- 
ing chain. 


down the chain at the point x is given by v, 
= (gpx/p)*= (gx)! or v2 =gx. 

Now acceleration is expressed by vdv/dx which 
in this case is g/2; that is, a pulse travels up the 
chain with an acceleration 3} g and travels down 
with a deceleration 3 g. Therefore the velocity 
on reaching the top of the chain is (g/)*. The 
time taken" to travel from the bottom to the 
top is 


fa f S-2f——cen»~20/0 


and therefore the time of the return journey is 
4(1/g)}. 

In the actual experiment a long chain is used. 
A sharp horizontal blow is given to the bottom 
of the chain (Fig. 12). The pulse travels up, is 
reflected at the top, comes down and gives the 
bottom of the chain a smart flip to the side, and 
travels up again. With luck as many as 10 return 
journeys can be observed. 

In one experiment /=180 cm and the time for 
10 return journeys was observed to be 17 sec. 
The above theory gives, for the time of one re- 


11 See 7; in the last experiment, Sec. 6. 


turn journey, 
4(180/980)!=4(9/49)!=4(3/7) =1.71 sec. 


For further reading on the oscillations of 
chains, reference may be made to Dynamics of a 
System of Rigid Bodies, by E. J. Routh.” 


8. Up-and-Down Vibrations of a Hanging Chain 
Partly Counterbalanced by a Suspended Body 


In Routh’s Rigid Dynamics we find the fol- 
lowing problem: ‘‘A fine uniform chain is col- 
lected in a heap on a horizontal table, and to one 
end is attached a fine string which passes over a 
smooth pulley vertically above the chain and 
carries a weight equal to the weight of a length a 
of the chain. Prove that the length of the chain 
raised before the weight comes to rest is ay (3), 
and find the length suspended when the weight 
next comes to rest.”’ 

Figure 13 shows successive measured positions 
of the chain. The experiment is interesting and 


a b c d 


Fic. 13. A load supporting by a thread over a pulley a 
portion of a long chain; (a) The rest position of chain and 
load, (b) the start of the experiment, (c) the end of the 
first upward motion of the chain, (d) the position when the 
chain next comes to rest, (e) a tall stand fitted with clamps 
and rods by which the levels of the top of the chain at the 
stationary states are, after several trials, located. 


12 J. Routh, Dynamics of a system of rigid bodies, Ed. 5 
(The Macmillan Company, 1892), Part II, Sec. 599 et seq. 

13 See reference 12, Part I, Sec. 300, p. 252, and Ex. 4, 
p. 233. 
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useful in that the theory involves simple differen- 
tial equations requiring integrating factors and 
the student learns the practical use of this type 
of equation. 

Theory: (1) To begin with, we consider only 
the first upward sweep of the chain. Let m =mass 
of unit length of chain, x=height of chain at 
some instant ¢ in its first upward movement, 
v=dx/dt=upward velocity of moving part of 
chain at time t, am=mass of the counterbalanc- 
ing load. Using the momentum equation 


(resultant upward force) X (element of time) 
= change of momentum in this element of time, 


the equation of motion is seen to be 
g(ma—mx)dt =m(a+<x)dv+ (mdx)v. 
After some manipulation we get 
dv? a-x 
nnn eas Tipe, 


dx atx a+x 


The integrating factor is (a+x)?. Multiply by 
this factor and integrate. We find that 


x3 
v(a+x)?= Ce —) +C. 


When x=0, v=0; therefore, C=0, 
v?(a+x)? = 2gx(a? —x?/3), (12) 


and v will again be zero when x =av3 (Fig. 13c). 
It may be noted that the acceleration of the 
system, vdv/dx, is 


g x3 
a’ —a*x —ax? —— }. 
(a+<x)3 3 


At the positions x=0 and x=av3, the accelera- 
tions are g and —g/3.72, respectively. 

(2) We consider now the first downward move- 
ment of the chain. The momentum equation is 
gm(a—x)dt=m(a+x)dv—(mdx)v, which leads to 

aw 2 a-x 
— ——— 0? = 2g. 


dx a+x 


The integrating factor is 1/(@+)’, and on inte- 
gration we get 


v? % 


=2g ——————— (13) 
(a+x)? (a+x)? a(i+v3)? 


415 


Therefore, the velocity will again be zero when 
x=a/v3 (Fig. 13d). 

(3) For the second rise the constant of the 
integration leading to Eq. (12) is not zero. Sub- 
stituting its new value we obtain a cubic equa- 
tion for the height of the second ascent; and 
solving this by approximation we find the height 
to which the chain rises to be 1.369a. 

In our experiments (Fig. 13) we use a length of 
No. 14 jack chain, a light pulley placed about 
seven ft above the floor, cotton thread, and a 
narrow brass cylinder for the counterbalancing 
load. Care must be taken that cylinder and chain 
do not clash in their motions. A tall stand (Fig. 
13e) carries three adjustable horizontal rods 
which are used to locate the ‘‘rest’’ positions of 
the top of the chain. Several determinations are: 
made in order to get reliable averages. Sample 
results are given for a case in which a= 88.6 cm. 
148.8 cm, 


50.4 cm, 
119.0 cm, 


Chain rose to 
Chain fell to 
Chain rose to 


whereas av3 = 153.3 cm; 
whereas a/v3 =51.1 cm; 
whereas 1.369a = 121.2 cm. 


The agreement is fair. The heap of chain on the 
floor is sometimes irregularly composed and this 
causes variations. 


9. The Swaying Catenary 


Just as a swaying chain does not remain 
straight, a catenary swaying at right angles to 
the plane of its rest-position does not remain 
coplanar, but a good approximation is obtained, 
if the amplitude of vibration is small, by assum- 
ing the catenary to be a rigid body. The experi- 
ment reminds the student to keep up his knowl- 


v4 


x 


Fic. 14. The hanging uniform chain or ‘catenary, showing 
the method of support. 
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Fic. 15. The hanging chain or catenary vibrating 
to-and-fro in its own plane. 


edge of the properties of this important curve. 
The equation of the catenary AO’B (Fig. 14) 
with respect to its axes OX and OY is 


y=c coshx/c 
s=c sinhx/c 
y=et+s?, 


where ¢ is the distance OO’ and s is the length of 
the chain from the vertex O’ to a point x, y on 
one side. If B is the point x,y; and G is the posi- 
tion of the center of mass of the symmetrical 
chain AO’B, then 


OG =9 = (cx1+sy1)/2s, 


where s is the length of the chain from O’ to B, 
and the depth of G below AB is therefore 
given by 

DG = (sy,—cx,)/2s. 
Crediting unit length of the chain with unit mass, 


the moment of inertia of the chain AO’B about 
the axis OX is 


X1 X1 
20¢(sinb—-+4 sinh) , 
Cc c 


and about the axis AB, 
2(c?s +45? — cx 41). 


Hence the period of vibration of the chain in the 


direction at right angles to the plane of its rest- 
position is given by 


2(c’s+4s* —cx1y1)\! 
T=2r(————""") 
(sy1 —cx1)g 


In the experiment it is easy to get x; and s but 
not easy to get c and y,. If we draw a new axis of 
x through O’ and denote the new ordinate of B 
by Y,, we have 


Y,;=(yi:-c) and c=(s?—Y,’)/2¥i. 


Since Y, is easily measured, c can be found, and 
therefore T, the period of vibration of a given 
catenary can be calculated. 

In our experiments we again find it convenient 
to use No. 14 jack chain. A horizontal beam 
(Fig. 14) stretches above head-level across a 
corridor. It is provided with small hooks at 
every 5.0 cm so that changes in span, sag, and 
length of the catenary can be made quickly. 
In one experiment, span AB=2x,=263.5cm; 
length 2s=458.0 cm; Y,;=169.7 cm. The calcu- 
lated value of c is 69.7 cm, whence 7, calculated, 
is 2.28 sec. Observation gave 2.2 sec. For com- 
parison we may note that the periods of a simple 
pendulum and a rod pendulum of length 169.7 
cm are 2.61 sec and 2.13 sec respectively. 

An additional exercise is to start the catenary 
swaying in its own plane from end to end as 
indicated in Fig. 15. The calculation of the period 
is too complicated for this paper. In fact, I do 
not think it has ever been done. Experiment with 
the catenary above gave a period of 1.80 sec. 

At a later time I hope to describe other third- 
year experiments from our laboratory at the 
University of Toronto which may be of interest 
to American teachers. These include studies of a 
trifilar pendulum of easily adjustable length, the 
shape of a rotating liquid surface, the muzzle 
velocity of a bullet from an army rifle, a gravita- 
tion experiment giving the radius of the earth, 
a comparison of a vane anemometer with a 
Pitot tube, and spiral springs made of wires of 
different cross sections. 
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Physics Abstracting 


Dwicut E. Gray 
American Institute of Physics, New York 22, New York 


HE principal objective of the Study of 

Physics Abstracting! recently conducted 

by the American Institute of Physics was to ob- 
tain answers to the following questions: 

1. For what purposes do United States physi- 
cists use abstracts of physics literature? 

2. What is their opinion of the physics ab- 
stracting now available to them? 

3. What, within reason, would they like to 
have in the way of physics abstracting? 

The study was made primarily to provide the 
Joint Committee on Abstracting of the American 
Physical Society and the Institute with informa- 
tion upon which it might base sound and realistic 
recommendations for the improvement of ab- 
stracting in the field of physics. Related back- 
ground material prepared during the project 
included an annotated List of Periodicals of 
Physics Interest? and an annotated and indexed 
List of Abstracting and Indexing Services of 
Physics Interest.’ Since these lists have already 
been published, the present paper is limited to 
consideration of the survey of physicist opinion 
regarding the abstracting of the periodical litera- 
ture of physics. 


Mechanics of Survey 


Physicist and technical librarian opinion on. 


abstracting was obtained both by interview and 
by questionnaire circulation. Limitations of time, 
personnel, and funds, however, caused the inter- 
views to be confined largely to individuals in 
the New York and Washington areas and made 


‘The Study was supported under a contract with the 
ONR;; active work extended eee from Sep- 
tember 1, 1948 to June 30, 1956. Negotiations for the con- 
tract were initiated under the general supervision of the 
Joint APS-AIP Committee on Physics Abstracting con- 
sisting of F. G. Brickwedde, H. H. Goldsmith (since de- 
ceased), George B. Pegram, Norman F. Ramsey, H. A. 
Robinson, G. A. Shortley, and Elmer Hutchisson, Chair- 
man. After award of the contract, this Committee con- 
tinued to serve in an advisory capacity. 

2 Published by Office of Technical Services, Department 
of Commerce, Washington 25, D.C., and is offered for sale 
by OTS under serial number PB-110,082. 

3Am. J. Physics 18, 274-299 (1950); this list also is 


available from OTS (see reference 2) under serial number 
PB-99951. 


the questionnaire phase of the survey the princi- 
pal source of information. 

Keeping in mind the substantial prejudice 
that exists toward questionnaires in general, the 
staff and the committee decided that in this case 
(a) no information would be requested which 
could be obtained in any other way, (b) under 
no circumstances would the document exceed 
four pages in length, and (c) one of the four 
pages would be left blank to accommodate free- 
will, in-their-own-words comments by the re- 
spondents. 

The physics questionnaire was sent to 2128 
physicists selected at random from among those 
who had returned another questionnaire sent 
out some months previously in connection with 
a survey conducted jointly-by the National Re- 
search Council and the editors of American Men 
of Science. This procedure made possible the use 
in the Abstracting Study of pertinent infor- 
mation collected in the earlier survey. Physi- 
cists returning the document numbered 1628, of 
whom 1477 filled it out essentially completely. 
Approximately 35 percent of those who returned 
questionnaires supplemented the check-off items 
with comments which varied from a plaintive 
“There are too many questionnaires these days” 
to extensive discussions and recommendations on 
numerous phases of abstracting. 

All check-off answers were recorded on 
punched cards which already contained certain 
data taken from the earlier American Men of 
Science returns. The total information thus ob- 
tained made it possible to analyze the abstract- 
ing questionnaire results for the following break- 
downs of physicist respondents: 


1. All 1477 physicists taken together. 

2. Each of four different age groups—25 and 
under, 26-35, 36-50, and over 50. 

3. Each of nineteen subject specialist groups— 
biophysics, cryogenics, electricity and mag- 
netism, electronics, fluid dynamics, geo- 
physics, general physics, heat, infrared, 
light, mathematical physics, mechanics, 
molecular and atomic physics, nuclear 
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physics, physical optics, radiological phys- 
ics, sound, spectroscopy, and underwater 
sound. (Division of physicists into these 
groups was based on the statement each 
had made in the Men of Science question- 
naire regarding his own first competence.) 

4. Each of three place-of-employment groups— 
educational institutions; government agen- 
cies; and industrial, business, and founda- 

tion laboratories. 


To provide comparative data from the library 
field, approximately similar questionnaires were 
sent to some 300 technical and reference librarians 
of whom 202 returned answers. 


Survey of Physicist Opinion 


Results are presented below in the form of 
answers, based on questionnaire and interview 
data, to four specific questions, as follows: 


1. What existing abstracting services do physi- 
cists use appreciably? 

2. For what purposes do they use abstracts? 

3. What do they think of the abstracting now 
available to them? 

4. What would they like to have in the way 
of abstracting service? 


Percentage figures in every case are based on the 
number of respondents in the category under dis- 
cussion who answered that particular item. Al- 
though 1477 physicists filled out the question- 
naire practically completely, different specific 
items were omitted, of course, by different 
numbers of physicists with the maximum varia- 
tion being from about 1200 to well over 1400. 

Use of existing abstracting services.—Physicists 
were asked to check all of a given list of ab- 
stracting services which they ‘‘use appreciably” ;4 
space also was provided for them to write in 
services not listed. The seven rating highest and 
the percentage of all respondents checking each 
are as follows: 


1. Physics Abstracts (Science Ab- 


Os Mie ktueis eee RG 93 percent 
2. Chemical Abstracts.......... 40 
3. Nuclear Science Abstracts.... 28 


_* Quotation marks used here and in following pages in- 
dicate phrases quoted directly from the questionnaire 
items which the respondents answered. 
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4. Electrical Engineering Ab- 
stracts (Science Abstracts B).. 18 


5. Mathematical Reviews....... 10 
6. Applied Mechanics Reviews.. 7 
7. Engineering Index.......... 7 


Altogether, 33 services were checked or written 
in, although, in a number of cases, by but a very 
few respondents. 

The age groups of 26-35 and 36-50 show no 
appreciable variation from all physicists taken 
together. For the group under 25, however, 
Nuclear Science Abstracts moved into second 
place while for those over 50 it dropped to fourth 
with Electrical Engineering Abstracts placing 
third. Variation of the separate subject cate- 
gories from the over-all percentages was about 
what one would expect. For example, use of 
Nuclear Science Abstracts is highest among nu- 
clear physicists and lowest among specialists in 
heat and thermodynamics; this kind of variation 
with field prevails throughout the subject groups. 
Physics Abstracts occupies first place (varying 
from 82 to 100 percent) in all categories except 
cryogenics where Chemical Abstracts received the 
most checks. Chemical Abstracts places second in 
“‘appreciable use” in eleven of the other subject 
categories and third or fourth in the remaining 
seven. Nuclear Science Abstracts is second in use 
in the areas of nuclear physics and radiological 
physics. 

Among the three place-of-employment groups, 
order of appreciable use is the same as the over- 
all sequence for the four most-used journals, 
with some variations in order occurring in the 
next three. 

Purposes for which abstracts are used.—Physi- 
cists were asked in the questionnaire to indicate 
the principal uses they make of abstracts ac- 
cording to two different bases of comparison. The 
first concerned employment of abstracts as a 
guide to original papers versus their use as a 
substitute for the complete articles. A few less 
than half (46 percent) checked “principally as a 
guide,” six percent indicated their major use is 
“‘as a substitute for the original,’ and the re- 
maining 48 percent checked “‘half as a guide and 
half as a substitute.”” On the use of abstracts as 
an aid in ‘‘keeping up” with the literature as 
compared with their employment ‘principally 
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for reference,’ 22 percent indicated the former 
as the major function of abstracts, 30 percent 
checked the latter and 48 percent said about half 
for each. 

Opinion of present physics abstracting.—The 
journal Physics Abstracts (Science Abstracts, Sec- 
tion A), published in Great Britain by the Insti- 
tution of Electrical Engineers, provides the only 
major abstracting service in English devoted 
wholly to physics. Also, essentially all members 
of the American Physical Society receive it by 
virtue of a Society arrangement with the pub- 
lishers; that these scientists use it extensively is 
evidenced by the figures cited above. These 
facts made it clear at the beginning of the Study 
that any evaluation of present physics abstract- 
ing by physicists in this country necessarily 
would be to a considerable extent an expression 
of opinion about this particular publication. It 
seemed best, therefore, to recognize this fact 
frankly and relate one group of questionnaire 
items directly to Physics Abstracts. Dr. B. M. 
Crowther, editor of that journal, was consulted 
frequently throughout the Study and gave the 
staff particularly valuable assistance in framing 
this part of the questionnaire. 

The principal query about the journal asked 
the physicists to rate it good, medium, or poor 
on a number of specific characteristics. The 
points considered and the results are shown in 
Fig. 1. It will be noted that the journal stands 
highest on the quality of its abstracts, with 96 
percent of the respondents rating it either “‘good’’ 
or ‘‘medium”’; this result correlates well with the 
consensus of physicists who were interviewed. 
The lowest composite rating is given on prompt- 
ness of appearance of the abstract after publica- 
tion of the original paper, and again correlation 
between questionnaire and interview opinion is 
close. The interviews also brought out the point, 
however, that excessive lag is a criticism leveled 
at essentially all abstracting services; the feeling 
of those interviewed seemed to be that on the 
average Physics Abstracts is little, if any, in- 
ferior to others in this respect. It is important 
to recognize in any discussion of promptness in 
abstracting, first, that any solution to the prob- 
lem is limited by the existence of an inherent, 
irreducible minimum lag and, second, that the 


promptness with which an abstract can be 
published is closely related to the type of ab- 
stract and the manner in which it is prepared. 
These points are developed somewhat further at 
a later place in this paper. 

Regarding breadth of coverage, questionnaire 
data appear somewhat more favorable to the 
journal than were the opinions expressed during 
personal interviews. In fact, both in interviews 
and in the freewill comments included with the 
questionnaires, recommendations were strong 
that the scope of coverage be broadened to in- 
clude more applied physics; and that more 
journals, as well as a greater fraction of the con- 
tents of the journals, be abstracted. As is pointed 
out more fully later, however, a questionnaire 
item designed to delineate somewhat definitely 
the boundaries of the expanded coverage which 
was desired, gave little information of value. It 
should be noted in this connection that actually, 
the number of papers abstracted by Physics 
Abstracts has been growing steadily with a par- 
ticularly large increase occurring from 1948 to 
1949; figures for the last three years are as 
follows: 


Breadth of Coverage 


Indexing 

Promptness of Pisin --- 
Quality of Abstracts 

Grouping in Journal 

Format and Readability 

Usefulness of Contents 


Over-all Effectiveness 


0 20 40 60 
GB Good; C) Medium; MD Poor; Per Cent Replies 


Fic. 1. Rating of various features of Physics Abstracts 
by physicists. 
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Percent in- 
crease over 
preceding year 
15.0 
8.6 
83.5 


Number of 
abstracts 
3765 
4088 
7500 


Year 
1947 
1948 
1949 


Physics Abstracts’ indexing received the second 
largest number of “poor” votes while at the 
same time rating above average in the number 
of “‘good’’ checks. Interview and questionnaire 
comments indicate that physicists’ unhappiness 
with this particular phase of the service stems 
principally from a desire for more cross references 
in the journal’s annual indexes. On over-all 
effectiveness as an abstract journal, 42 percent 
of the respondents rated Physics Abstracts 
“‘good,’’ 49 percent checked ‘‘medium,”’ and 
nine percent graded it “‘poor.” 

Because the Universal Decimal Classification 
(UDC) numbers which accompany all abstracts 
in Physics Abstracts had been mentioned—in- 
variably unfavorably—by a number of the 
physicists who were interviewed early in the 
Study, an item on this point was included in the 
questionnaire. Results were as follows: 


1. Never use the UDC numbers 66 percent 
2. Occasionally use them 
3. Frequently use them........ 6 


This information probably can be said to be 
more interesting than important in view of the 
fact that with the present format of Physics 
Abstracts there is no function of the journal 
which requires the reader to know anything about 
UDC numbers; their inclusion, however, is a 
decided convenience for those subscribers, par- 
ticularly in Great Britain and on the continent, 
who are familiar with this classification system 
and like it. 

For this portion of the questionnaire, results 
in the separate age, subject, and place-of-em- 
ployment categories of physicists differed neither 
greatly nor significantly from those for the re- 
spondents as a whole. 


Kind of Abstracting Desired 


The various features of an abstracting service 
—such as breadth of coverage, promptness of 


publication, type of abstract, and authorship— 
are so interrelated that a decision with regard to 
any one may automatically place limitations on 
one or more others. Therefore, it seemed logical 
to begin the “‘kind of abstracting desired”’ por- 
tion of the questionnaire with an item on the 
relative importance of these factors. 

Relative Importance of Various Features of 
Abstracts.—Results of the physicist ratings of five 
features of abstracts are shown in Fig. 2. Presence 
of “wide coverage” in first place is entirely 
consistent with the opinions expressed in inter- 
views. Physicists frequently pointed out that a 
completely satisfactory abstracting service would 
permit the user to infer absence of publications 
in a given subject field from absence of abstracts 
in that field. Although they recognized the 
Utopian implications of this ideal, most “‘inter- 
viewees”’ urged as close as practical an approxi- 
mation to it. No particular significance attaches 
to the figure of $5.00 in the last item. The cost 
factor obviously could not be completely ig- 
nored in an order-of-importance rating and this 
amount was chosen simply as a reasonable figure. 

The “wide coverage” feature rated highest in 
importance in all of the twenty-six separate cate- 
gories except biophysics, and in most cases 
by a wide margin. In general, the various sub- 
groups also rated the features of “‘prompt publi- 
cation,’ ‘‘abstracts by technical experts,’’ and 
“extensive indexes’’ close together although with 
some variation in sequence. In all but five of the 
individual categories, the $5.00 cost feature 
placed last in importance. 

There are certain interrelationships among 
these features which any realistic consideration of 
them must recognize. It would seem that 
‘breadth of coverage” and “‘extensive indexing”’ 
should be fairly direct functions of cost. That is, 
other things being equal, the larger an abstracting 
journal’s budget the more periodicals it could 
afford to abstract and the more indexers it could 
carry on the payroll. The factors of ‘‘promptness 
of publication” and ‘authorship of abstracts” 
are much less simply related to cost. With the 
former, there is an inherent, irreducible delay 
that is related much more directly to the methods 
of abstracting than it is to available funds, unless 
these are extremely large. In the case of author- 
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ship of abstracts, there may even be an inverse 
cost dependence if one assumes that an informa- 
tive abstract written by a subject expert nor- 
mally is superior to an indicative abstract 
written by a staff abstractor. The staff-written 
product of a nonexpert on the abstracting jour- 
nal’s payroll almost certainly will cost more per 
unit than abstracts obtained from a practicing 
scientist who does abstracting in his field of 
specialization as a sideline. 

Promptness of publication and authorship are 
interdependent in that emphasis on one usually 
is purchased at the expense of emphasis on the 
other. In other words, the more an abstracting 
journal farms out the writing of abstracts to 
technical experts for whom this is not their 
principal activity, the greater will be the average 
delay in abstract publication. Staff-written ab- 
stracts are never out of the editor’s control and 
ordinarily can be published relatively promptly. 

Fields that should be covered.—Although agree- 
ment—both questionnaire and interview—was 
almost unanimous that wide coverage is of first 
importance and a large body of opinion urged 
strongly the broadening of Physics Abstracts 
coverage, no sharp, generally agreed-upon bound- 
aries for this increased scope emerge from an 
analysis of questionnaire data. The respondent 
was given a list of sixteen borderline and associ- 
ated fields and asked to check those he believed 
a physics abstracting service should cover ; space 
was also provided for him to write in additional 


fields if he desired. Obviously it would have been . 


a happy circumstance if almost everyone had 
checked a certain few fields and almost no one 
any of the others. That this did not happen is 
shown by the following tabulation of the per- 
centage of respondents checking each of the 
listed areas: 


Chemical physics 
Astrophysics 

Biophysics 

Teaching of physics 
Medical physics 
Geophysics 

Applied electronics 
Computing methods 32 


Applied mechanics 
Astronomy 
Meteorology 
Mathematics (pure) 
Electrical engineering 
Applied aerodynamics 
Hydraulics 

Mechanical engineering 


In addition, 62 subject areas were written in on 
from one to eight questionnaires. The very wide 


Wide Coverage of 
Technical Journals ---- 


Prompt Publication 
of Abstracts 
Abstracts Written by 
Technical Experts 


Issuance of 
Extensive indexes 


Maintenance of Cost 
Below $5/yr. 


2 6 8 10 
Relative Importance Factor 


Fic. 2. Physicist’s rating of relative importance of 
various features of abstracting. 


difference of opinion among physicists as to just 
what constitutes adequate abstract coverage is 
indicated by the fact that among the fields 
written in were mineralogy, parapsychology, and 
wood technology. 

Type of abstract desired.—~In the questionnaire 
an indicative abstract was defined as one which 
tells the reader only whether he wants to read 
the original article and an informative abstract 
as one which summarizes the original paper’s 
major arguments, data, and conclusions. Almost 
without exception the physicists who were inter- 
viewed stated that seldom if ever would they 
accept technical data and conclusions given in 
an abstract without themselves checking the 
original dccument and that, therefore, they 
actually required only abstracts which would 
tell them with certainty whether the paper con- 
tained material of interest to them. Conse- 
quently, it was rather expected that answers to 
an indicative-versus-informative questionnaire 
item would strongly favor the former. 

This expectation was not fulfilled. Because 
cost of preparation of the two types might differ 
appreciably, opinion was sought both on an 
other-things-being-equal basis and on the as- 
sumption that informative abstracts would be 
the more costly. Eighty-three percent of the 
physicists who answered favor informative ab- 
stracts if the two are assumed to cost the same. 
More than half (58 percent) indicated a willing- 
ness to pay at least an additional $2.00 per year 
to obtain the informative type; and a third (34 
percent) said they would pay as much as $5.00 
more per year. 
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Actually, this lack of correlation between in- 
terview and questionnaire opinion probably is 
more apparent than real. There seems little 
doubt that almost all physicists use abstracts in 
an indicative fashion; that is, if they possibly 
can they consult the original paper before using 
its results. However, the original article occa- 
sionally is unobtainable. Also there is always the 
chance that the indicative abstract does not con- 
tain enough information for the reader to be 
absolutely certain whether or not he is inter- 
ested in the paper. Finally, there is the chance 
that the indicative abstract may not contain 
sufficient information to permit adequate in- 
dexing. Therefore, it seems probable that the 
overwhelming questionnaire vote for informative 
abstracts reflects (a) a feeling of ‘‘the more in- 
formation the better’’ even though the original 
will be read if available, (b) a desire to make 
quite certain that the abstract is a dependable 
guide, and (c) a concern that indexing be as 
complete as possible. 

Miscellaneous.—A small but highly articulate 
segment of interview opinion supported the idea 
that extensive abstracting is unnecessary and 
that the needs of the physicist in this field would 
be met by a service which covered physics peri- 
odical literature exhaustively but gave only 
titles and references. To check how widespread 
this feeling might be an item on the point was 
inserted in the questionnaire. Results are as 
follows: 


1. Favoring ‘‘reasonably informative ab- 
stracts with coverage limited to pure 
and semi-pure physics articles (i.e., 
about like abstracts and coverage of 
Physics Abstracts)”. . 

. Favoring “titles and references only 
with very wide coverage of technical 
journals (i.e., essentially everything of 
physics interest with little or no at- 
tempt to discriminate between the im- 
portant and the trivial)” 


86 percent 


It has already been pointed out that the 
breadth of coverage attempted by an abstracting 
service probably is rather directly related to the 
cost of providing that service. One questionnaire 
item was devoted to an attempt to learn how 
much those desirous of very complete coverage 
would be willing to pay for it. Of more than 1200 
physicists who answered this question, four-fifths 
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indicated they would be willing to pay annually 
at least an additional $2.00, about two-fifths an 
extra $5.00, and less than a tenth (seven percent) 
$10.00. 

No great enthusiasm was manifested for the 
scheme of printing abstracts on one side of the 
page only to permit easy maintenance of per- 
sonal abstract files by “cutting and pasting.” 
Three-fourths of the respondents who answered, 
either actively opposed the idea or said they per- 
sonally would have no use for it; only about one- 
sixth indicated they want the service enough to 
pay anything extra for it. 


Survey of Technical Librarian Opinion 


The questionnaire sent to technical and 
reference librarians duplicated the physicists’ 
document except for two or three items concerned 
specifically with library operations. Over-all 
agreement with the sample of physicist opinion 
discussed above was close but with a few inter- 
esting differences. 

The seven abstracting services receiving the 
most “‘appreciable use’’ checks and the percent- 
age of librarians checking each were: 


1. Chemical Abstracts.......... 
2. Physics Abstracts (Science Ab- 
stracts A) 91 
. Engineering Index.......... 66 
. Electrical Engineering Ab- 
stracts (Science Abstracts B).. 53 
. Applied Mechanics Review... 44 
6. Nuclear Science Abstracts.... 44 
7. Technical Data Digest 


97 percent 


The variation here from the physicists’ “first 
seven’”’ probably is largely accounted for by the 
fact that most, if not all, of the technical li- 
brarians in the sample serve scientists in other 
fields in addition to physics. Some 25 other ab- 
stracting services were written in by from one 
to four librarians each. 

Librarians assigned the following order of fre- 
quency to six different uses they make of ab- 
stracts of physics literature: 


First: Locating specific references. 

Second: Answering reference questions on a 
physics subject. 

Third: Compiling bibliographies. 
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Fourth: Locating specific authors. 

Fifth: Verifying references. 

Sixth: ‘Keeping up” with material that 
should be acquired. 


Librarians who rated the several features of 
Physics Abstracts agreed with physicists in as- 
signing first and last places respectively to 
“quality of abstracts” and ‘‘promptness of pub- 
lication.”’ Librarians’ ratings on ‘breadth of 
journal coverage,” “indexing,” and “over-all 
effectiveness’’ ran in the same sequence as in 
the physicists’ case but from two to six percent 
lower in percentage of ‘‘good’’ checks. On the 
basis of these questionnaire results, technical and 
reference librarians in the United States seem to 
make little more use of Universal Decimal Classi- 
fication numbers than do physicists; of librarians 
who checked this point, 62 percent checked 
“never use UDC,” 26 percent said “‘occasion- 
ally,” and only 12 percent indicated frequent use. 

Regarding the desirable but interdependent 
features of an abstracting service discussed 
above, technical librarians rated ‘‘breadth of 
coverage” and “prompt publication” first and 
second in importance respectively just as did 
the physicists. Third and fourth places were 
interchanged, however, the librarians placing 
greater emphasis on ‘issuance of extensive in- 
dexes” than on “abstracting by subject ex- 
perts.”” The cost-to-subscriber feature obviously 
was not applicable in this case. 

Finally, the technical librarians were asked to 


check all of a given group of bibliographic fea- 


tures which they thought an adequate physics 
abstracting service should incorporate; results 
were as follows: 


. Inclusion of an author list with each 


87 percent 
. Inclusion of a list of periodicals cov- 
ered with the last issue of each volume 83 
. Inclusion of Union List symbols with 
rare titles to facilitate inter-library 
59 


. Coverage of trade literature, Ph.D. 
theses, and other ephemera 


Conclusions 


When the Abstracting Study was initiated it 
was recognized that the general course of action 
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which the Joint APS-AIP Committee subse- 
quently would see fit to recommend might fall 
almost anywhere along a gamut running from 
“‘Make no changes whatever in the present sys- 
tem’ to “Start a new physics abstracting ser- 
vice.”” The questionnaire and interview results 
described above seem to the Committee to war- 
rant the basic conclusion that while physicists in 
the United States are not completely satisfied 
with the abstracting service they now receive, 
they are far from being sufficiently unhappy with 
it to warrant the establishment of a new abstract- 
ing journal, even if funds and personnel for such 
a venture were immediately available. Rather, 
it appears that any such action growing out of 
this Study should be directed realistically toward 
improving existing abstracting; use here of the 
word “realistically” can be thought of as imply- 
ing that any recommendation which merely 
urges great expansion of one or more phases of 
the existing service but suggests nothing con- 
structive as to how the expense of such extension 
is to be borne will be naive and unrealistic. 

Although the details are not completely 
worked out as yet, expanded coverage and in- 
dexing are the points chiefly dealt with in the 
recommendations being discussed with the editor 
and publishers of Physics Abstracts. With regard 
to the former, it is hoped that a basis of opera- 
tion can be achieved which will extend consider- 
ably the abstracting in a number of the border- 
line and associated subject areas with perhaps 
100 percent coverage being guaranteed for a 
specific, limited list of journals. The objective in 
indexing is to increase appreciably the number of 
cross references and the average number of index 
entries per paper abstracted. The Council of the 
American Physical Society, the Committee and 
the Editor of Physics Abstracts are working to- 
gether to develop means of support and mecha- 
nisms which will permit the attainment of these 
aims. 

One other move which automatically should 
improve over-all physics abstracting brings the 
Institute publications into line with an inter- 
national trend in abstracting. The composite 
picture presented by physicists’ and technical 
librarians’ opinion indicates that ideally one 
would like to obtain very promptly at practically 
no cost abstracts written by subject experts. 
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Certain elements of incompatibility in this com- 
bination already have been pointed out. The 
consensus, however, of both the London Royal 
Society Information Conference of June-July 
1948, and of the Paris UNESCO Conference on 
Science Abstracting of June 1949, was that per- 
haps a reasonable and practical approximation 
to this ideal could be achieved through use of the 
often abused author abstract, if certain controls 
on it were to be set up. It seems clear that if 
every paper published in a technical journal were 
accompanied by an adequate author-written ab- 
stract, abstracts automatically would be avail- 
able to abstracting journals with maximum 
promptness and at minimum cost. Also they 
would be written by subject experts; the com- 
monly cited shortcomings of author abstracts are 
not based on charges of technical ‘‘inexpertness”’ 
but on alleged lack of objectivity, perspective, 
ability to judge significance, and abstracting 
skill. The conferences mentioned above sug- 
gested that the advantages of author abstracts 
be seized upon and the disadvantages minimized 
by setting up abstracting standards and educat- 
ing authors to follow them. Specifically, it was 
felt that if editors of journals of primary publica- 
tion could be persuaded (a) to require that all 
papers submitted for publication be accompanied 
by abstracts and (b) to take the same degree of 
editorial responsibility for the adequacy of the 
abstract that they now take for the quality of 
the paper, the ideal of combining low cost, 
prompt publication and technically expert au- 
thorship could be approached very much more 
closely than at present. In Great Britain con- 
siderable progress has been made in this direc- 
tion during the past two years through an Ab- 
stracting Consultative Committee of the Royal 
Society which has drawn up specifications for 
the preparation of abstracts, or synopses, and 
has accomplished a great deal toward achieving 
the cooperation of journals of primary publica- 
tion in following the kind of policy described 
above. The editors of the journals published by 
the American Institute of Physics have indicated 
their approval of this policy regarding abstracts 
and most of the journals are now following it; 
instructions for preparing abstracts in a style 
suitable for secondary use by abstracting ser- 
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vices are included in the most recent Institute 
style manual. 
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Michelson at Annapolis 


J. R. SmitHson 
U. S. Naval Academy, Annapolis, Maryland 


N a recent issue of the American Journal of 

Physics, Professor R. S. Shankland! of the 
Case Institute of Technology has given a very 
complete account of Albert A. Michelson’s re- 
searches at Case from 1882 to 1889, together 
with a brief, but very accurate, summary of 
Michelson’s work before and after his years at 
Case. Since Albert Michelson holds a unique 
position in the history of physics in America, it 
seems fitting to present a more detailed account 
of his years of naval service, in particular of his 
years at Annapolis, first as a student and later 
as an instructor. Professor Michelson’s place in 
American physics is unique in that he was the 
first American to receive the Nobel prize. Other 
tangible recognitions of his genius, such as the 
Rumford Medal, the Copley Medal, the Franklin 
Medal, the Duddell Medal, etc., are too numerous 
to mention here. Professor Michelson’s record 
is also unique in that he was the first professor of 
physics at two of the nation’s most outstanding 
universities, the Case Institute of Technology 
and the University of Chicago. It is interesting 
to note that, while Michelson received eleven 
honorary degrees, he never completed the for- 
malities of obtaining any “earned” degree, as 
the U. S. Naval Academy was not authorized to 
grant the bachelor of science degree until shortly 


after his death. It is indeed fortunate that Pro- 


fessor Michelson made his outstanding contribu- 
tions to physics blissfully unaware of the fact, 
since discovered by the accrediting associations, 
that he was not qualified to hold any of the 
academic positions in which he served with such 
distinction. 

Albert Michelson was admitted to the Naval 
Academy on June 28, 1869, age 16 years 6 
months. The story of what Michelson in later 
years liked to call his “‘illegal”” appointment to 
the Naval Academy has been told by Professor 
Shankland and others and will not be repeated 
here. Of the 86 midshipmen who entered the 
Academy in the summer of 1869, 29 graduated in 
June 1873, a mortality rate which shows the 


1R.S. Shankland, Am. J. Physics 17, 487 (1949). 


rigor of the course at that time. Then, as now, the 
relative standing of midshipmen in all subjects 
was published? for all interested persons to see. 
Midshipman Michelson ranked ninth in his class 
in over-all standing, and also ninth in total 
number of demerits, having been charged with 
129. That Michelson’s abilities and interests 
pointed him toward a career as a physicist, 
rather than as an officer of the line, might have 
been forseen even then for he ranked first in 
the course in optics and acoustics, but twenty- 
fifth in seamanship. Corroborating this are his 
standings of second in mathematics, third in 
chemistry, second in dynamics, third in statics, 
and second in heat and climatology. The brevity 
of Michelson’s scientific papers has been com- 
mented upon by Millikan.* This quality appears 
to have been present in his undergraduate days 


Fic. 1. Midshipman Albert A. Michelson, USN (1873). 


2 United States Naval Academy Registers, 1869-73, Gov- 
ernment Printing Office, Washington, D. C. 

3R. A. Millikan, “Biographical memoir of Albert Abra- 
ham Michelson,” National Academy of Science Biographical 
Memoirs, Vol. 19, 4th memoir, Washington (1938). 
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for he ranked near the top of his class in tech- 
nical grammar, but near the bottom in the 
course in history and composition, which the 
midshipmen of today have renamed “Bull.” 

The physics course at the Naval Academy be- 
tween 1869 and 1873 consisted of five separate 
courses offered during the last two years. The 
textbook was Ganot’s Physics (Atkinson’s trans- 
lation). The head of the Department of Natural 
and Experimental Philosophy was Lieutenant- 
Commander William T. Sampson, who many 
years later commanded the American Naval 
Forces at the Battle of Santiago, and for whom 
the building which now houses the physical 
sciences at the Naval Academy is named. It is 
interesting to note that the first two questions 
on the examination in optics for May 1873, in 
which Midshipman Michelson led his class, were: 
(1) “Discuss the undulatory theory of light. 
What fact proves the emission theory false?”’, 
and (2) ‘“‘Describe Foucault’s apparatus for de- 
termining the velocity of light.” 

Midshipman Michelson achieved his high 
class standing without being what is character- 
ized in student slang as a ‘‘grind.’”’ On the con- 
trary Rear Admiral Fiske,4 who was a contem- 
porary at Annapolis, recalls in his memoirs that 
Michelson had a reputation of studying less than 
any midshipman in his class. Admiral Fiske had 
good reason to remember Michelson. During a 
formation, in which Michelson was acting as 
officer-in-charge of his group, he made what 
Fiske thought was unjustified criticism of the 
latter’s speed in responding to a command. 
Seeking to atone for this, Fiske challenged 
Michelson to a boxing match, which at that 
time was the accepted way to settle differences 
between classmates. Fiske was apparently una- 
ware of the fact that Michelson was the school’s 
lightweight champion, but his eight days on the 
sick list following his defeat caused him to re- 
member this many years later. One gathers that 
Admiral Fiske found occasion to take pride in 
having been knocked out by so great a scientist, 
for he says that ‘“‘His name will be remembered 
long after the names of many men who are 
eminent now have passed into oblivion.” 

Boxing was not the only extracurricular in- 
terest of Midshipman Michelson. He took special 


*B. A. Fiske, From midshipman to rear admiral (Cen- 
tury), p. 15. 
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lessons in fencing and was one of the most skillful 
in his class in this ancient sport. In drawing he 
ranked first in his class, and it was during his 
midshipman days that he began painting, a 
hobby which he continued with increasing skill 
throughout his life. Music was still another of 
Michelson’s diversified interests and he attained 
considerable skill on the violin. 

On May 31, 1873, Midshipman Michelson 
was detached from the Naval Academy to await 
orders and on September 18, 1873 he was ordered 
to the USS Monongahela. The two years of sea 
duty which followed seems to have been a course 
in familiarization with ships for on October 31, 
1873 he was detached from the Monongahela 
and on December 12, 1873 he was ordered to the 
Minnesota, only tobe transferred on December 23, 
1873 to the Roanoke. On August 19, 1874 he was 
transferred to the North Atlantic Squadron and 
joined the Colorado, but was almost immediately 
transferred to the Worcester. In July 1874 
Michelson was promoted to Ensign and on 
December 15, 1875 he was ordered back to the 
Naval Academy as an instructor in physics. 
Except for a summer cruise on the Constellation 
in 1877, Ensign Michelson remained in this 
assignment until 1879. 

While preparing for a lecture on optics in 
November 1877, a modification of Foucault’s 
method for measurement of the velocity of light 
“‘suggested itself’? to Ensign Michelson. Prior to 
this time three sets of direct measurements had 
been made: by Foucault using a rotating mirror 
as first suggested by Arago, and by Fizeau and 
Cornu using in each case a toothed wheel. The 
most serious objection to Foucault’s method was 
the small magnitude of the deflection which led 
to a rather low degree of accuracy. The modi- 
fication is clearly described by Michelson in his 
paper presented at the St. Louis meeting of the 
American Association for the Advancement of 
Science in August, 1878: ‘It will be observed 
that the difference between this arrangement and 
that of Foucault is that the concave mirror is dis- 
pensed with, its office being accomplished by a lens 
and plane mirror ; and that this arrangement per- 
mits the use of any distance between the mirrors.” 

During the winter of 1877-78, preliminary ex- 
periments were performed using ‘‘only apparatus 
such as could be adapted from the apparatus in 

5 A. A. Michelson, Proc. AAAS 27, 71 (1878). 
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the laboratory of the Naval Academy.” In the 
spring a revolving mirror was built ‘‘at the ex- 
pense of $10,” and in May, 1878, using a distance 
of 500 feet, a deflection was measured which 
was twenty times that obtained by Foucault. 
Brief descriptions of these early experiments can 
be found in several sources.® 

In July, 1878 the sum of $2000 was provided 
by ‘“‘a private gentleman” for equipment which 
would permit carrying on the experiment on a 
larger scale. The ‘‘private gentleman’”’ was Mr. 
A. G. Hemingway of New York, the father of 
the first Mrs. Michelson. (In 1877 Ensign 
Michelson married Miss Margaret McLean 
Hemingway, whom he met while she was visiting 
in Annapolis at the home of her uncle, the afore- 
mentioned Admiral Sampson.) After several 
months spent in the construction of apparatus 
and the making of ‘‘trial runs,’’ the first of the 
final set of observations was made on June §, 
1879. All previous data were discarded, but 
after this date not a single observation was 
omitted. These experiments seem to have at- 
tracted considerable attention for, even before 
the start of the final observations, a leading New 
York newspaper’ in a column titled ‘Science for 
the People’ described the procedure to be fol- 
lowed and announced that: “The entire ap- 
paratus is understood to be finished and observa- 
tions are shortly to begin at Annapolis.’’ Thus 
at the age of 26 Ensign Michelson, USN, achieved 
fame as a physicist. 


The detailed description of these measure- 


ments by Michelson® himself are available in 
most libraries and will not be repeated here. The 
distance used was 1986 feet and displacements as 
great as 133 millimeters were obtained. The light 
path was along what. was then the north sea 
wall of the Naval Academy grounds. Since that 
date the grounds have been extended by filling 
in so that many of the academic buildings now 
stand on the path. The northwest end, where a 
frame building was constructed to house the 
measuring equipment, is now covered by the 
Marine Engineering buildings and the far end 
by the Natatorium. None of the original equip- 


6 A. A. Michelson, Am. J. Sci. (3) 15, 394 (1878); Am. J. 
Sci. (3) 17, 324 (1879); Nature 18, 195 (1878). 

7 New York Daily Tribune, May 17, 1879. 

8 A. A. Michelson, Proc. AAAS 28, 124 (1879); Am. J. 
Sct. (3) 18, 390 (1879); Nature 21, 94 (1879); Astro. Papers, 
U, S, Nautical Almanac Office 1, 115 (1880), 


427 


ment remains at the Academy. Those pieces of 
apparatus from the physics laboratory were no 
doubt returned to their original use, while the 
special equipment was either Michelson’s private 
property or was borrowed from other institu- 
tions. The one possible exception is the heliostat 
which was loaned by the Army Medical Museum 
of Washington, D. C. and is believed to be still 
in the possession of that institution. 

In 1879 Michelson was promoted to Master, 
and in the fall of that year he was transferred to 
the Nautical Almanac Office in Washington. 
The director of this office, Professor Simon 
Newcomb, was at the time engaged in an at- 
tempt to repeat Foucault’s measurements on a 
larger scale, and, no doubt, this was the reason 
for the transfer. It has been stated in this journal 
by Lemon® that Michelson worked under New- 
comb while the latter was a professor at the 
U. S. Naval Academy. The records of the Naval 
Academy do not show that Simon Newcomb was 
ever a member of the faculty, nor does Newcomb 
make any mention of it in his rather complete 
autobiography.'® Simon Newcomb was a com- 
missioned officer in the now extinct Corps of 
Professors of the U. S. Navy during most of his 
professional life, but his duties were all at the 
Naval Observatory or the Nautical Almanac 
Office, both of which are in the nation’s capital. 
The results of Michelson’s work in collaboration 
with Newcomb can be found in the latter’s final 
report" of his researches on the velocity of light. 

In 1880 Master Michelson took a leave of 
absence from the Navy (not an uncommon pro- 
cedure at the time) and went to Europe for ad- 
vanced study. On September 30, 1881 he re- 
signed his commission, having already been 
offered the chair of physics at the Gase School 
of Applied Science. 

During World War I, Professor Michelson 
was again on the Navy Register as a Lieutenant 
Commander, U. S. Naval Reserve. This tour of 
duty was spent in his own laboratory at the 
University of Chicago, where he developed a 
new optical range finder for use on naval vessels. 

The often quoted” advice allegedly given by 


®H. B. Lemon, Am. Physics Teach. 4, 1 (1936). 

10 Simon Newcomb, The reminiscences of an astronomer 
(Houghton- Mifflin). 

11 Simon Newcomb, A str. Papers, U. S. Nautical Almanac 
Office 2, 235 (1891). 

12 New York Times, May 10, 1931, Sec. 1, p. 3, column 3, 
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Admiral Worden, then superintendent of the 
Naval Academy, to Midshipman Michelson to 
the effect that more time spent on gunnery and 
less on physical experiments would be to the 
benefit of both Michelson and the Navy cer- 
tainly does not express the feeling of Navy men 
in general toward either Michelson or physical 
experiments. As an illustration in support of this 
contention, on May 8, 1948 a laboratory, built 
at a cost of $7,000,000 for ‘‘basic and applied 
research” in physics and related sciences, was 
dedicated as the Michelson Laboratory at the 
U. S. Naval Ordnance Test Station, China Lake, 
California. Dr. R. A. Millikan gave the ‘“‘Michel- 
son Memorial Address” on this occasion, and 
three of Professor Michelson’s daughters were 
present as guests of the Navy. The original scroll 
of Professor Michelson’s Nobel Prize, presented 
not long ago by one of his daughters, Mrs. 
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Nevile Gardiner of Washington, D. C., is one 
of the most prized items in the U. S. Naval 
Academy Museum. On April 2, 1946 Congress- 
man Carl Hinshaw of California introduced into 
Congress a bill (H.R. 5964) to provide for the 
erection at the Naval Academy of a suitable 
memorial to Albert Michelson. Having had no 
success in his first attempt, Congressman Hin- 
shaw introduced a similar bill (H.R. 79) into the 
80th Congress on January 3, 1947, but the bill 
was referred to the Committee on House Ad- 
ministration and never reported out. 

In conclusion, I wish to make acknowledgment 
to Dr. William H. Crew and Professor Earl W. 
Thomson, whose companion aarticles*™ on 
Michelson and the Velocity of Light first in- 
terested me in further study of the life and work 
of this great American physicist. 


13 W. H. Crew, U. S. Naval Inst. Proc. 56, 38 (1930). 
144E, W. Thomson, U. S. Naval Inst. Proc. 56, 42 (1930). 


Present Trends of University Courses in General Physics for Premedical Students* 


E. L. HARRINGTON 
University of Saskatchewan, Saskatoon, Saskatchewan, Canada 


HE last quarter century has seen a great 

change in the attitude of both professors of 
physics and administrators of medical schools 
towards the problem of giving a course in physics 
suitable for students planning a career in medi- 
cine or in one of the biological or medical sciences. 
In the 1920-30 period the American Physical 
Society took a rather definite stand against 
special courses and, strangely enough, this was 
supported by the medical schools. All the con- 
siderations need not be reviewed but the practical 
difficulty of offering a separate section and the 
dominance of the engineers in the classes were 
among them. One would suspect also that the 
lack on the part of the physicists of appreciation 
of the basic importance of their science to medi- 
cine and their unfamiliarity with suitable illus- 
trative material may have strongly influenced 
them. On the other hand, few medical men had 
received sufficient training or the sort of instruc- 
tion in physics to make them fully conscious of 
the part physics might play in both the theory 
and the practice of their profession. The student, 


* A condensed statement of the main points included in 
a paper given at the New York meeting of the AAPT, 
February 4, 1950. ° 


therefore, falling between the two groups, can 
hardly be blamed for his openly expressed resent- 
ment of the requirement that physics be taken 
and for his dislike of the subject. 

The 1930—40 decade saw a decided change in 
these matters. The applications of physics and 
particularly of the techniques of physics to the 
problems of biology and of medicine expanded 
rapidly and in the laboratories of the biological 
sciences, particularly in physiology, the equip- 
ment came to resemble more and more the equip- 
ment of a physical laboratory. Electronic circuits 
came into general use—not merely in the radio 
field but also in all branches of research. They 
were particularly useful in the study of nerve 
action as well as in many forms of therapy. 
Radiology, both x-ray and gamma-ray, became 
increasingly reliable as physical controls, pre- 
cision measurements, and so on, changed medical 
practice in this field from a so-called art to a 
scientific procedure. The physicist became a con- 
sultant—often a full-time member of the clinical 
staff having to do with cancer—and physicists as 
well as medical men became increasingly con- 
scious of the part being played by physics in the 
science and practice of medicine. 
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In some colleges and universities extra lectures 
on applications were given those intending to 
enter medicine and courses in radiology became 
more scientific than empirical in nature. But the 
fundamental need was not met by any such 
adjustment. The writer became convinced that 
the basic training in physics could be given 
effectively only be weaving the applications of 
physics to the medical sciences into the very 
fabric of the general course in physics itself, just 
as has been the practice in courses in physics for 
engineers for many years. He therefore adopted 
the plan of supplying to his students notes on 
certain applications of physics to the medical 
sciences and of giving some indication of their 
importance at the time these principles were being 
taught. This plan has now been followed suff- 
ciently long to obtain abundant and convincing 
evidence of its soundness. He has received as- 
surance from medical schools that students do 
make freer use of their knowledge of physics if 
they are led to make the connection while they 
are still in the physics class. Many of his former 
students, now in medical practice, are actually 
making not only greater but more intelligent use 


of physical principles than is likely to be made by 
anyone who took his course in physics without 
realizing its value in medicine. 

Experience over a considerable period would 
seem to support the following conclusions : 


(1) The general course in physics for the 
premedical student must include applica- 
tions of the subject in the field of his interests 
and these must be given in direct connection 
respectively with the principles being taught. 
They must be introduced as normal ma- 
terial, never forced. They should not be 
reserved for a section in fine print at the 
close of the chapter or for special chapters. 
If the instructor treats them as afterthoughts 
the students will look upon them the same 
way. 

(2) Students will respond favorably to a 
course designed specifically to meet their 
needs. They are as likely to value physics as 
highly as any other of the basic sciences in- 
cluded in their course, even though the sub- 
ject must continue to be a heavy one. The 
premedical student is likely to be superior to 
the average student, since the competition 
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for entrance to medical schools is known to 
be severe. He is capable and willing to work 
provided he is led to realize, at the time he is 
called upon to do the work, that it is worth 
while. 

(3) The premedical student who becomes 
convinced that physics is a basic science in 
his field will not only obtain a better grasp 
of the subject but will actually observe many 
more applications of it in his later work than 
will the student who, in conformance with 
tradition, has no sense of its value. 


The 1940-50 decade has witnessed a rapid 
change in the attitude towards physics, not only 
of the public, in general, but of the students in 
the physics classes. It has been so repeatedly 
stated that the last war was, and that future wars 
will be physical, that the present generation of 
students have not only a respect for but a dy- 
namic interest in the subject that did not 
characterize the student of a generation ago. 
There is no longer any doubt as to the basic 
nature of the science nor of its importance in any 
field of human endeavour, particularly in medi- 
cine. The influence of the younger medical men 
trained in the preceding decade, is being in- 
creasingly felt. The war veterans who saw so 
many phases of physics in action, particularly in 
the treatment of the wounded and in the physical 
therapy employed in their rehabilitation, have a 
wholesome respect for the subject. The new 
electrocardiographs and encephalographs, the 


- electron microscopes, modern types of x-ray 


installations, are familiar tools of great value. 
The cyclotrons, betatrons, and other high power 
equipment have received much publicity. Radio- 
active tracers have opened entirely new ap- 
proaches to many problems of basic nature in all 
the biological sciences. It would be as hard to find 
a medical faculty now which does not have high 
regard for physics as it would have been two 
decades ago to find one which would aggressively 
utilize physics or even insist that its students 
acquire a specialized and adequate knowledge of 
the subject. 

Fortunately, it is becoming easier for the de- 
partments of physics to offer more suitable 
training to those interested in the medical sci- 
ences. The number of applications in modern 
textbooks of physics is definitely increasing. 
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Journals in physiology, in anatomy, and the 
medical texts and current literature now furnish 
more examples than at any previous time. The 
American Association of Physics Teachers has 
taken positive steps towards the collection of 
suitable illustrative material. Over 250 authors 
have collaborated under the editorship of Dr. 
Otto Glasser to produce the 1800-page compen- 
dium Medical Physics to which a second volume 
is now being added.* There are under preparation 
various textbooks designed to meet the needs of 
the nonengineering student as well as the tradi- 
tional text meets the requirement of those going 
into engineering. 

The responsibility for giving a suitable pre- 
medical course in physics is rapidly being shifted 
to the professors of physics, as material becomes 
increasingly available. Since most universities 
must divide their physics classes in any event, the 
matter of cost is hardly a major issue. The author 
is not advocating that the professor of physics 
should offer a course in biophysics, nor does he 
attempt to do so himself ; but he does believe that 
his course should provide an adequate basis for 
such a course in much the same way courses in 


chemistry give the foundation for biochemistry. 


* Volume II is now available. 
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This is becoming increasingly important as the 
number of universities establishing departments 
of biophysics grow. He suggests no radical 
changes in the laboratory work since the present 
experiments do support the basic principles of 
physics, lead to the acquirement of useful tech- 
niques and to the acquaintance with instruments 
of wide use in the medical sciences and medicine. 
A more sympathetic attitude towards the inter- 
ests of the premedical student shown in the 
distribution of emphasis among the topics pre- 
sented and particularly in the selection of illus- 
trative material, is all that is required. Experi- 
ence has shown that such a course can be just as 
thorough and acceptable for credit in an arts 
college as the more traditional course. It can be 
made quite as attractive to the general student 
since he is likely to be far move interested in the 
applications of physics to his body than to engi- 
neering projects. Indeed, less than half of those 
now enrolling in the author’s class expect to enter 
medicine. 

The author would like to learn of the experi- 
ence of others giving courses similar to that 
described above, and to receive suggestions as to 
applications which they have found suitable. 
Any found usable will be duly acknowledged in 
any material submitted for publication. 


Wisconsin Section 


The Wisconsin Section of the American Association of 
Physics Teachers had its annual meeting at Carroll Col- 
lege, Waukesha, Wisconsin on April 28 and 29, 1950. 
Meetings were held in the New Science Hall and luncheon 
Saturday in Voorhies Dormitory. Forty members attended 
the conference. Tours of the Waukesha Motor Works and 
of the Dairy Farms were provided for the guests. PREsI- 
DENT N. V. RussELL, Carroll College, extended greetings 
to the guests on behalf of the host institution. 

At the business meeting full consideration was given to 
the proposed changes in the constitution and by-laws of 
the AAPT. A program of invited and contributed papers 
was presented as follows: 


Nature and objectives of the physics program at Carroll 
College. V. P. Batua, Carroll College. 

Two simple pieces of apparatus for the general physics 
course: a refractometer and a practice switchboard. 
J. Braprorp, Beloit College. 

Photomultiplier tubes as scintillation counters. T. Sco.- 
MAN AND R. R. PALMER, Beloit College. 

Electromagnetic radiation and weather activity. RALPH 
H. BETER, Marquette University. 

An application of a simple method of measuring short- 
time intervals, FRANK G, Karioris, Marquette University. 


Geiger counters, etc. J. L. DuRANz oR EDWARD REIBLE, 
Nuclear Company. 

Magnetic pole strength vs. magnetic moment in teach- 
ing magnetism. J. G. WINANS, University of Wisconsin. 

Age of the universe. A. E. WuitTForD, University of 
Wisconsin. 

Science in general education. W. P. CLARK, Eau Claire 
State Teachers College. 


The sound motion picture ‘Atomic Energy” was shown 
at the Friday evening session. A demonstration of new 
apparatus and devices was a feature of the meeting. 
Several papers which were presented by the authors at 
the Annual Meeting of the AAPT in New York were re- 
viewed by members of the Section. These included: 

The training of college physics teachers. CLAUDE E. 
Buxton, Yale University. Review by E. V. BriGGs, 
Superior State Teachers College. 

A unified approach to college physics. Nort C. LITTLE, 
Bowdoin College. Review by W. P. GILBERT, Lawrence 
College. 

Officers elected at the meeting for the ensuing year were 
as follows; President, V. P. Bata, Carroll College; Vice- 
president, J. R. DILLINGER, University of Wisconsin; 
Secretary- Treasurer, Miss Monica BAINTER, Stevens Point 
State Teachers College. W. P. Cvark, Secretary 





Progress in Studies of the Airglow in Upper Air Research * 


C. T. ELvey 
U. S. Naval Ordnance Test Station, China Lake, California 


WO years ago at the meeting of this So- 
ciety at The University of California at 
Los Angeles I reviewed the many methods of 
studying the upper atmosphere and in particular, 
discussed a program which was being supported 
by the Office of Naval Research at the U. S. 
Naval Ordnance Test Station. The object of the 
program is to learn as much of the physical 
state of the upper atmosphere as possible through 
spectroscopic and photometric observations of 
the light of the night sky, including the twilight, 
and I would like to present the progress we have 
made. 

First, however, we will briefly review the 
nature of the light of the night sky. It is com- 
posite in origin and only a part of it is of interest 
in connection with the upper atmosphere. Vari- 
ous estimates have been made of the percentage 
contributions of the components to the total 
light of the night sky. However, these are 
necessarily difficult owing to some of the com- 
ponents being a continuous spectrum and others 
a bright-line spectrum. The sources of light of 
the night sky with continuous spectra are: the 
unresolved stars, galactic light, zodiacal light, 
and light from all astronomical sources scattered 
by the atmosphere. The sources of light with 
line spectra are the diffuse nebulae of the galaxy, 


the aurorae, and the light emitted by the upper ° 


atmosphere. The latter has been called the per- 
manent aurora, the nonpolar aurora, and more 
recently, just ‘the light of the night sky.”’ None 
of these names is particularly appropriate, espe- 
cially the last; hence, I have recently adopted 
the term ‘‘airglow’”’ to designate the light, other 
than the polar aurorae, emitted by the upper 
atmosphere. The airglow is apparently ever- 
present over the entire earth; it is difficult to 
disentangle it from the aurora at large magnetic 
latitudes since both are spectra of the air but 
under different conditions of excitation. The ex- 
citation of the aurora is considered to be through 
bombardment of the atmosphere by charged 


* Invited paper presented at the Stanford meeting of the 
American Physical Society, December 29-30, 1949. 


particles from the sun, while the airglow is 
probably caused by collisional processes in the 
upper atmosphere in which the energy of dis- 
sociation is released by recombinations exciting 
the atoms and molecules. Such processes will 
cause the emitted light to come from layers in 
the atmosphere owing to the negative exponen- 
tial change of density with height. 

The principal radiations in the airglow are the 
green and the red auroral lines of atomic oxygen, 
forbidden transitions; the D lines of sodium; 
certain bands of the first positive system of the 
nitrogen molecule; the forbidden Vegard-Kaplan 
system of the nitrogen molecule; and the Herz- 
berg bands, also forbidden, of the oxygen 
molecule. 


Instrumentation 


During 1948 the program was devoted to the 
design and construction of the instruments, and 
to the development of facilities. In 1949, the 
techniques of observing and reducing the data 
have been established. 

Two observing sites have been set up, one at 
Cactus Peak approximately 30 miles NNW of 
the Michelson Laboratory, and the other in the 
White Mountains NE of Bishop, California. 
The station at Cactus Peak is at elevation 5415 
ft and the station in the White Mountains, called 
Blanc’s Bluff is 10,500 ft. The line of sight dis- 
tance of Blanc’s Bluff from Cactus Peak is 
approximately 100 miles and. the line bears 
12°30’ west of north. Field stations on a co- 
operative basis have been set up in three other 
localities, one at the Haute Provence Observa- 
tory in Southern France, another at a proposed 
site for an observatory in the Belgian Congo, 
and the third near the Dartmouth College Ob- 
servatory, Hanover, New Hampshire. Short 
field trips have been made to the University of 
Alaska at College, Alaska; Yerkes Observatory, 
Williams Bay, Wisconsin; and the McDonald 
Observatory, Fort Davis, Texas. 

One spectrograph has been employed in the 
program to date. It is an instrument especially 
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constructed for Raman spectroscopy, and pri- 
marily for use in a laboratory. Its principal dis- 
advantage is lack of portability. The instrument 
was built by Huet of Paris and employs a large 
prism of extra dense flint glass as the dispersive 
system. The camera lens is a modified and en- 
larged microscope objective with a numerical 
aperture F/0.7. The resulting linear dispersions 
are: 150 A/mm at 4000A; 345 A/mm at 5000A; 
640 A/mm at 6000A; and 1080 A/mm at 7000A. 
Owing to the dense flint optics the spectrograph 
cannot be used for wave-lengths shorter than 
4100A. In the red region of the spectrum the low 
dispersion is a disadvantage. Owing to the good 
definition, however, reasonably accurate wave- 
lengths have been measured. 

It was decided that the photometric part of 
the program should receive the major attention. 
Since the program called for the measurement of 
the intensities of the main radiations of the air- 
glow as functions of zenith distance in various 
directions in the sky throughout the night, and 
also as functions of time, it was decided to con- 
struct a recording photometer. The photometer 
was designed and described by Douglas Marlow 
and J. C. Pemberton.! It uses a 1P21 phototube 
as the sensitive element. An F/1 lens, 4-in. 
diameter, forms an image of the sky on a rec- 
tangular aperture thus admitting an area 2° 10° 
to the sensitive surface. The long edge of the 
aperture is parallel to the horizon. A 30-cycle 
chopper in front of the phototube produces a 
pulsed photoelectric current which is amplified 
with a gain of 510° in the 1P21 and an addi- 
tional gain of 1.3105 in a two-stage, negative- 
feedback amplifier of high stability and linearity. 
The over-all gain is 6.5 X10". Synchronous recti- 
fication is used and the output is recorded with 
an Esterline-Angus recording milliammeter. The 
minimum energy which can be recorded reliably 
is approximately 10—* watt. 

The photometer is automatic with the controls 
at the recorder. A continuous patrol may be 
kept of any part of the sky, or the photometer 
can be made to sweep the sky from horizon to 
horizon along any vertical circle, or may be 
made to survey the sky beginning on the northern 
horizon sweeping the meridian to the south point, 


1 Rev. Sci. Inst. 20, 724 (1949). 
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rotating in azimuth 22}° and sweeping the sky 
again until eight sweeps are made. At the end 
of the eighth sweep the instrument automatically 
returns to the starting point and begins another 
survey. A survey of the sky is accomplished in 
32 minutes. 

At the present time, five such instruments are 
in operation, or are being set up for operation 
in the near future. Two are at Cactus Peak, one 
near Hanover, New Hampshire, one in southern 
France, and the other in the Belgian Congo. 


Spectroscopy 


Spectroscopic studies of the light emitted from 
the upper atmosphere, either the aurora or the 
airglow, will give us considerable knowledge con- 
cerning the kinds of atoms, molecules and ions 
present, their modes of excitation, and other 
physical data from which it will be possible to 
deduce the chemical and physical state of the 
upper atmosphere as a function of time. 

Our program did not anticipate a study of the 
auroral spectrum. However, we did send a field 
trip to College, Alaska and there obtained some 
excellent auroral spectra for studies in connec- 
tion with the airglow spectrum. Since our spectro- 
graph gives rather low dispersion but has great 
light gathering power, most of the effort on the 
field trip was devoted to the faint upper parts 
of auroral rays, faint diffuse auroras, and faint 
patches, rather than to the bright parts. 

A comparison of the spectrum of a bright 
auroral ray, exposure 20™ with that of the faint 
upper parts of the rays, exposure 8525™, is 
shown in Fig. 1. Although the exposures were 
such as to give approximately the same densities 
for the more prominent features of the auroral 
spectrum, many of the faint features are quite 
different. This is, no doubt, an altitude effect in 
which many of the emissions in the aurora 
change relative intensity. For example, the line at 
5200A which has been identified by several in- 
vestigators as a forbidden nitrogen line, *S—*D, 
may be considered. Although this line is similar 
in origin to the transition in the oxygen atom 
that produces the red auroral line, it is very 
much fainter, and appears at higher altitudes. 
De-excitation by collisions is no doubt a very 
important matter in determining its intensity 
since the lifetime in the excited state is approxi- 
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Fic. 1. Comparison of the spectrum of a bright auroral ray (A) with that of the 
faint upper parts of the ray (B). 


mately eight hours. The lifetimes in the excited 
states for the green and red auroral lines of 
oxygen are of the order of 0.4 sec and 100 sec, 
respectively. 

Of special note are the hydrogen lines which 
are broad and, as has been pointed out by other 
investigators,’ indicate large random velocities 
of the hydrogen atoms. The random velocities 
are somewhat difficult to explain, but may be a 
result of the release of atoms from molecules 
rather than incoming hydrogen atoms from the 
sun. The first three members of the Balmer 
series are present in auroral spectra; Hg is the 
only unblended line. Line H, is rather mixed up 
with the bands of the first positive system of 
nitrogen, although in spectra of a very faint 
aurora or airglow using low dispersion, it is 
possible to distinguish its presence when the 
bands are not too intense. On the spectrograms 
of aurora taken with the CJ spectrograph when 
no hydrogen is present, six distinct members of 
the first positive system are seen. When hydrogen 
is present, as evidenced by Hg, the two bands of 
the first positive system, one on each side of the 
position H,, are blended into a very wide struc- 
ture and enhanced relative to the other four 
bands, thus indicating the presence of H.. 

The spectrum of the airglow differs radically 
from that of the aurora in most spectral regions. 
In the near ultraviolet portion of the auroral 
spectrum the dominant features are bands of the 
second positive group of nitrogen, corresponding 


2 C. W. Gartlein, Physical Rev. 74, 1208 (1948). 


to the transition, C*r,—B*z,, with excitation 
potential 10.96 v, while in the airglow they are 
exceptionally weak, if present. Most of the 
stronger features of the airglow spectrum in 
this region have been attributed to the Herzberg 
bands of oxygen, arising from the forbidden 
transition *}>,+—>X*> with excitation potential 
4.5 v. The blue-violet region of the auroral spec- 
trum is dominated by the bands of the first 
negative system of the ionized nitrogen mole- 
cule’s transition, A”}°—-X”>, with an excita- 
tion potential 18.7 v above the ground level of 
the neutral molecule. The same region of the 
airglow spectrum does not exhibit these bands 
but does show faintly a group of wide bands 
which are identified as the Vegard-Kaplan Bands 
of nitrogen due to the forbidden transition 
A®’>.—X’>,, with excitation potential 6.2 v. 
In the visual region of the spectrum the differ- 
ences are less marked. The green and red auroral 
lines, forbidden transitions in the oxygen atom, 
1D—1S, and *P—1D, with excitation potentials 
of 4.2 v and 1.96 v, respectively, are the promi- 
nent features in both the spectra. In addition, 
the auroral spectrum exhibits strong bands of 
the first positive system of nitrogen in the red 
region, whereas in the airglow their appearance 
is uncertain. On the other hand, in the infrared 
region, the (0,0) band of the first positive sys- 
tem of nitrogen, if correctly identified, is by far 
the strongest emission in the airglow spectrum. 
It shows that molecules producing the airglow 
spectrum can be excited only to the lowest 
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levels of the B*r, state. A comparison of the 
spectra of aurora and airglow in the wavelength 
region of 4000A to 7000A is shown in Fig. 2. 

Both spectra in the region 7000—10,000A are 
rich in emission features, but many are still 
unidentified. A. B. Meinel® has discussed this 
portion of the spectrum. 

Figure 3 is a composite of three spectrograms 
of the airglow taken with three different emul- 
sions using the CI spectrograph. 

We have studied the red region of the spec- 
trum of the airglow with particular emphasis on 
the band of uncertain origin at 6560A which was 
announced by Elvey and Farnsworth‘ as being 
enhanced in the twilight and which has been 
considered to be a blend of bands of the first 
positive system of nitrogen. It is now apparent 
that such a band does not exist. The tentative 
identification, now unsubstantiated, is attributed 
to the low linear dispersion used, the spectral 
sensitivity of the emulsion, the atmospheric ab- 
sorption bands, and the reddening of the twilight 
at low altitudes. 

A new line, mean wavelength 6847A, has been 
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measured on practically all spectrograms. As 
may be seen in Figs. 2 and 3, its intensity is 
between that of 6300A and 6364A, the red auroral 
lines. Its identity has not been established. 

A study of some 30 spectrograms of the 
aurora and the airglow have given strong evi- 
dence that hydrogen is present in the upper 
atmosphere.’ The wavelength of the emission 
agrees with that of H., and in addition, its 
appearance is very similar to the hydrogen lines 
observed in auroras. The H, line is variable in 
intensity but has been present on all 15 of the 
airglow spectrograms with exposures of four 
hours or longer during the last year. Horace W. 
Babcock,® using a grating spectrograph with 
higher dispersion, recorded a line of the same 
description at that wavelength. Since hydrogen 
lines appear in high altitude auroras and since 
all of our spectrograms were taken of the sky 
toward the north and mostly at a zenith dis- 
tance of 80°, it is possible, although it does not 
seem probable, that we have observed distant 
auroras on each occasion. Under these conditions 
auroras at 1000 km would have been in the 
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Fic. 2. Comparison of the spectrum of the airglow (B) with that of the upper parts of 
auroral rays (A) and with diffuse aurora (C). 


3 In a private communication Meinel has recently analyzed the band structures in this region of the airglow spectrum 
and the oe molecular constants indicate a hydride, probably OH. 


* Astrophysical J. 96, 451 (1942). 


5 oe of the American Astronomical Society at Tucson, December 28-31 (1949). 


6 Publ. Astro. See. Pacif. 51, 47 (1939). 
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Fic. 3. Spectrum of the airglow with a comparison spectrum of argon, helium and mercury. 


zenith well above the Canadian border, or 
auroras at 500 km would have been at the zenith 
in northern United States. Since Babcock ob- 
served the sky at zenith distance 50° from the 
Lick Observatory, he should also have detected 
such auroras. (During one of his exposures he 
did detect a faint aurora which lasted a short 
time.) A crude estimate of the intensity of H. 
indicates less than 10® quanta per sec per cm? 
column at the zenith.’ 


Photometry 


The principal problem in the photometric 
program is a study of the stronger emission lines 
of the airglow spectrum with the aim of deter- 
mining the height in the atmosphere at which the 
radiations are produced. This is important for 
two reasons; first, the excitation is probably 
by collisions, and second, both the green and red 
auroral lines of oxygen are transitions from 
metastable states, one with a lifetime of 0.4 
sec, the other with a lifetime of about 100 sec, 
and de-excitation by collisions will occur. These 
processes of exchange of energy are dependent 
upon the density of the particles in the atmos- 
phere and their velocities. 

7 Recent observations of the airglow in the southern sky 
shows no evidence of Hg. Furthermore, through the kind- 
ness of Professor W. Petrie of the University of Saskatche- 
wan we find that virtually all of the 15 airglow specto- 
grams noted in the text were obtained during periods of 
auroral activity. It thus seems highly probable that the 
Hq observed must be excited by auroral activity. Further 


observations are being made, taking simultaneous observa- 
tions of the northern and southern skies. 


Two methods of determining the heights of 
the emitting layers were considered feasible, one 
known as the van Rhijn method and the other a 
triangulation method in-which two or more 
stations would try to observe the same irregu- 
larity in the emitting layer. 

The theory of the van Rhijn method® of de- 
termining the height to an emitting layer in the 
upper atmosphere gives the ratio of intensity at 
a given zenith distance to that at the zenith as a 
function of the height of the emitting layer. The 
ratio may be written in the form 


ry (= -) sintel —mS., (1) 


Io) 
where J:z) is the observed intensity at zenith 
distance z, I(9) the observed intensity at zenith, 
R the radius of the earth, h the height of layer 
(thin) above surface, e~™ the extinction factor, 
and S, the scattering factor. 

The basic assumptions in this theory are: 
(1) the layer is thin, and (2), it is uniform over 
large geographical areas, which further implies 
that it is of uniform density and height. 

In practice it is customary to compute a 
family of curves using Eq. (1) for assumed 
values of the height to the layer. A family of 
such curves is shown in Fig. 4, and one set of 
data, represented by black spots, is included. 

It soon became evident that the assumption 
of uniformity over large geographical areas was 


8 Pub. Astr. Lab. Groningen, No. 31, (1921). 





436 


not justified as radically different results were 
obtained from different azimuths. An attempt 
was made to choose uniform data by making a 
polar plot of the intensity for given zenith dis- 
tances as a function of azimuth. If the assump- 
tion of uniformity is correct the plots should 
give circles; hence, in this manner attempts 
were made to pick areas of the sky free from 
distortions and then compare the observations 
with the van Rhijn formula. 

A frequency plot of observed heights obtained 
by Roach and Barbier® of the sodium line 5893A 
and the forbidden oxygen line 5577A are shown 
in Fig. 5. At the present time, it appears that 
the sodium line of the airglow originates at a 
height between 250 and 300 km and the green 
auroral line at approximately 90-100 km. These 
determinations by Roach and Barbier are defi- 
nitely superior to those obtained by Elvey and 
Farnsworth* and by A. and E. Vassey!® since 
conditions of observation which more nearly fit 
the assumptions of the van Rhijn theory were 
selected, and more precise corrections for ex- 
tinction and scattering have been applied. 

During the past summer some excellent sets 
of data were obtained by Dr. Roach and co- 
workers, for use in the triangulation method of 
determining the heights to the irregularities or 
patches of light emitted by the atmosphere. 
Complete surveys of the sky and continuous 
sweeps along a common vertical circle were ob- 
tained at the two field stations, Cactus Peak 
and White Mountain, for the green oxygen line. 

The boundaries of the patches in the emitting 


1 i - 
Log + Height (km) - 50 
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Fic. 4. Curves representing Eq. (1) for various 
values of the height A. 


9 Publ. Astro. Soc. Pacif. 61, 88 (1949). 
10 Physical Society Gassiot Committee Report, p. 53, (1948). 
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layer were such as to prevent determinations of 
heights by trigonometric means. Detailed an- 
alyses of the observations are progressing, how- 
ever, and it appears that the presently accepted 
height to the green oxygen layer will be con- 
firmed. 

One very interesting result of the photometric 
studies of the sodium emission was made by 
Barbier and Roach," in which they found an 
excess of sodium light in the west following the 
end of twilight and in the morning before the 
beginning of dawn. The position of the maximum 
of intensity was at the azimuth of the sun and 
its intensity decreased as the sun’s depression 
increased. It appears that this is a resonance 
phenomenon, as is the twilight enhancement of 
the sodium observed spectrographically, and 
that the emitters are the sunlit sodium atoms in 
a column outward from the edge of the earth’s 
shadow in the atmosphere. Computing the height 
to the earth’s shadow, the variation of intensity 
as a function of height is obtained. Furthermore, 
these intensities may be translated into densities 
of sodium atoms, and it is found that the dis- 
tribution of sodium atoms in the region 200-600 
km indicates a scale height of 250 km. These 
data indicate either: (1) that the distribution of 
the molecules is contrary to normal expectations, 
or (2) that sodium atoms are not representative 
of the atmosphere as a whole, a conclusion that 
would imply an extraterrestrial origin for the 
sodium atoms in the upper atmosphere. 

The absolute intensities of the green auroral 
line and the sodium line have been measured 
using the stars for calibration. The average in- 
tensity of the green auroral line is 5108 
quanta/cm? sec; the nocturnal variation has 
been well established, the intensity increasing 
approximately twofold to a maximum which is 
reached sometime between 2200 and 0200 local 
time, and then decreasing to an intensity at 
dawn near that at the beginning of the night. 
The curve of intensity-variation is indicative 
of a growth and decay phenomenon. 

The average intensity of the sodium line is 
about 8X10’ quanta/cm? sec, but the most 
striking thing about the sodium is the annual 
variation. There is a fivefold variation of in- 
tensity between the minimum in the late summer 

Nu Publ. Astro. Soc. Pacif. 61, 91 (1949). 
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and the maximum during the winter. Since the 
source of sodium may be from the faint meteors 
evaporating in the upper atmosphere, this may 
explain part of the annual variation. However, 
account must be taken of the absorption due to 
water vapor since one of the absorption bands 
partly overlaps the sodium emission. 

Our photometers are well suited for studies of 
the scattered sunlight at the zenith during the 
twilight period. Observations have been made 
from sunset until the end of astronomical twi- 
light and several good series of data have been 
recorded. Direct scattering theory can be used 
to represent the observations to the end of civil 
twilight, that is, till the zenith distance of the 
sun is 96°, but beyond this point multiple scat- 
tering rapidly becomes important. At the present 
time this portion of the program is being criti- 
cally evaluated to see if a further expenditure of 
time is profitable without the introduction of 
extensive laboratory investigations on the scat- 
tering process. 

Briefly summarizing, the spectroscopic ob- 
servations of faint high altitude auroral rays 
and diffuse aurorae show some very interesting 
facts which have not been completely analyzed. 
The H, line has been identified as a faint com- 
ponent of the airglow spectrum; it may, how- 
ever, be a result of distant high altitude aurorae. 
The photometric observations show that the 
green auroral line of oxygen has an intensity of 
5X 108 quanta/cm? sec and is emitted in a region 


near the E-layer of the ionosphere at maximum: 


in the winter; that the sodium D-lines corre- 
spond to 8X10’ quanta/cm? sec, show a large 
annual variation, and are emitted from the 
genera! vicinity of the night F-layer. Further- 
more, resonance excitation of sodium atoms at 
twilight can be detected to heights of 800 km 
in the atmosphere. 


UPPER AIR RESEARCH 


OXYGEN 


8 10 ° 5 
FREQUENCY OF HEIGHT DETERMINATIONS NOV-DEC, 1948 


Fic. 5. Frequency of height determinations for sodium 
(5893A) and oxygen (5577A) during observing periods in 
November and December 1948. 


Since many of the above conclusions are still 
tentative, the future program will thus continue 
along the same lines. Particular effort will be 
made to verify the identification of H, in the 
airglow spectrum and determine if it is present 
at low magnetic latitudes. Also, absolute in- 
tensities of the fainter radiations will be made 
from the spectrophotometric observations, basing 
them on the accurate observations made of the 
stronger radiations with the photoelectric pho- 
tometer. The heights to the emissions of the 
green auroral line, and the sodium lines will be 
placed on a firmer basis and efforts will be made 
to study the upper atmospheric motions from 
these data. 

This work has been carried out under Project 
No. NR-082-045 of the Office of Naval Re- 
search, and besides the writer, the following 
persons have taken part in the investigation: 
E. V. Ashburn, Daniel Barbier, Institut d’ Astro- 
physique, Paris, John B. Irwin, University of 
Indiana, Douglas Marlow, J. C. Pemberton, 
Helen Pettit, F. E. Roach, Armin Wiebke, and 
Don Williams. Dr. P. Swings of University of 
Liége, Belgium, has served as consultant during 
the two years’ duration of the project. 


Reprints of The Teaching of Electricity and Magnetism at the College Level (Report of the 
Coulomb’s Law Committee of the A.A.P.T.), originally published in the American Journal 
of Physics 18, 1 (1950) and 18, 69 (1950), may be obtained at 50 cents each from the AMERICAN 
INSTITUTE OF Puysics, 57 East 55th Street, New York 22, New York. 
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A. Introduction 


HE magnetic properties of the nucleus have 
interested the physicist ever since they 

were first postulated to explain the hyperfine 
structure of spectral lines. It was supposed that 
the nucleus is, in general, a small magnet whose 
interaction with the atomic electrons splits the 
energy levels between which the electrons make 
the transitions responsible for atomic line spec- 
tra. With the development of spectroscopic 
equipment of high resolving power, it ultimately 
became possible to determine certain nuclear 
spins and to measure a number of nuclear mag- 
netic moments to about two significant figures.! 
Considerably more accurate measurements 
were obtained in molecular beam experiments,” * 


* The concluding portion of this article will appear in a 
later issue of this Journal. 
+ Assisted by the joint program of the ONR and AEC. 
1H. Kopfermann, Kernmomenie (Edwards Brothers, 
Inc. = _ Arbor, 1945), Chapter IT. 
2D. R. Hamilton, Am. J. Physics 9, 319 (1941). 


3j. B. M. Kellogg and S. Millman, Rev. Mod. Physics 
18, 323 (1946). 


which were pioneered under O. Stern and which 
later flourished under Rabi at Columbia Uni- 
versity. An outstanding addition to beam tech- 
nique was the magnetic resonance method** 
which the Rabi group applied to these experi- 
ments. The most recent developments in the 
study of nuclear magnetic moments have applied 
the magnetic resonance principle to solids, 
liquids, and gases in their normal physical states, 
and the compilation of data concerning nuclear 
magnetism has become even more rapid. 

The new resonance techniques, devised simul- 
taneously and independently by the Purcell and 
Pound group*® at Harvard and the Bloch and 
Hansen group®? at Stanford, require relatively 
simpler equipment than do the beam experi- 
ments. (Indeed, a bridge-type apparatus similar 
to that of Bloembergen, Purcell, and Pound is 
part of an outstanding undergraduate program 
in physics directed by Professor Frank Ver- 
brugge at Carleton College.) Further, the new 
methods seldom require the alteration of the 
physical or chemical form of the sample con- 
taining the nucleus whose magnetic properties 
are to be studied. 

In addition to the extremely important ad- 
vances in measurement of nuclear magnetic 
properties which the new methods provide, they 
also afford means for investigating establishment 
of the thermal equilibrium essential to magnetic 
methods for attaining very low temperatures. 
And the width and shape of the resonance has 
yielded information concerning crystal struc- 
ture,® ® phase transitions in solids,!° and hindered 
internal motions in solids." An excellent intro- 


4 Purcell, Torrey, and Pound, Physical Rev. 69, 37 (1946). 
‘6 Bloembergen, Purcell, and Pound, Physical Rev. 73, 
679 _— referred to as BPP throughout the following 
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Bloch, Hansen, and Packard, Physical Rev. 69, 127 
(1946). 

7F. Bloch, Physical Rev. '70, 460 (1946) ; Bloch, Hansen, 
and Packard, Physical Rev. 70, 474 (1946). 

8G. E. Pake, J. Chem. Physics 16, 327 (1948). 

® Gutowsky, Kistiakowsky, Pake, and Purcell, J. Chem. 
Physics 17, 972 (1949). 

oN. L. ‘Alpert, Physical Rev. 75, 398 (1949). 

11H. Gutowsky and G. E. Pake, J. Chem. Physics 18, 

162 (1950). 
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ductory paper by Purcell,” titled ‘‘Nuclear mag- 
netism in relation to problems of the liquid and 
solid states,” skillfully presents certain poten- 
tialities of nuclear magnetism. in structural 
studies to the reader who is without previous 
background in the subject. 

One should not infer from the foregoing that 
molecular beams are in any sense outmoded. 
The very effects which reflect the structure of the 
sample tend, for many substances, to render the 
new techniques less effective in measuring the 
asymmetry of the nuclear charge distribution 
(the electric quadrupole moment). Nor have the 
Purcell and Bloch experiments offered competi- 
tion to their contemporary cousin, microwave 
spectroscopy, or to molecular beams in the de- 
termination of nuclear spins. Instead of seeking 
to eliminate one another, these three experi- 
mental approaches—molecular beams, micro- 
wave spectroscopy, and nuclear resonance ab- 
sorption (Purcell) or nuclear resonance induction 
(Bloch)—supplement each other to provide ver- 
satile means for probing phenomena involving 
the magnetic and electric moments of nuclei. 

The present article attempts to discuss one of 
these new methods, the nuclear resonance ab- 
sorption technique of, Purcell and Pound, in 
such a way as to be of value to the first-year 
graduate student of physics, and the material is 
substantially that used in introducing nuclear 
magnetism to graduate students at Washington 
University, where research begins with the in- 
ception of graduate study. A knowledge of the 


Bohr frequency condition is assumed, but no 


familiarity with quantum mechanics is required. 
A few results are taken bodily from quantum me- 
chanics and are accompanied by remarks which, 
it is hoped, will put the student on the alert in 
his future studies for transition probabilities, 
the uncertainty principle, and other parapher- 
nalia of quantum mechanics. 

The closely allied nuclear induction experi- 
ment is not treated here, inasmuch as the pio- 
neering articles on this subject by Bloch and his 
collaborators’? provide in one place a lucid and 
sufficiently comprehensive treatment. These pa- 
pers are quite as valuable to the beginning 

2E. M. Purcell, Science 107, 433 (1948). 


18 See the review article by W. Gordy, Rev. Mod. Physics 
20, 668 (1948). 


graduate student as to the front line researcher, 
for Bloch takes full advantage of the validity of 
the classical equations of motion in determining 
the nuclear magnetization. Lack of familiarity 
with quantum mechanics is thus much less of a 
stumbling block for the student when he reads 
these papers than when he turns to existent 
literature on nuclear absorption. 

For the expert physicist who has specialized 
in other branches of his subject and wishes to 
become acquainted with the short history of this 
new nuclear technique, it is hoped that the 
present article can at least serve as a partially 
complete guide to the literature. 


B. Magnetic and Angular Momentum Properties 
of the Nucleus 


1. The Nuclear Magnet and its Vector Model 


In addition to its well-known properties of 
mass, charge, and intrinsic angular momentum 
(spin), the atomic nucleus possesses in general a 
magnetic moment, that is, it behaves much as if 
it were a bar magnet. Although elementary text- 
books often define the magnetic moment of a 
magnet as the product of its magnetic pole 
strength and the distance between its two poles, 
physicists believe that free magnetic poles do 
not exist and that a more accurate picture in- 
volves circulating electric currents or ‘‘current 
whirls.”” The magnetism of a bar of iron is 
attributed to “current whirls’ of a kind within 
the iron atoms, and similarly the magnetism of 
the nucleus may be considered as originating with 
circulating currents in the nucleus. Since the 
existence of an intrinsic angular momentum of 
the nucleus implies a circulation of mass within 
it, it should not be surprising that the magnetic 
moment and angular momentum are related to 
each other. Indeed, classical models of the nu- 
cleus predict that these two vectors should be 
collinear and that their lengths should always be 
in the same ratio. For example, if one computes 
the magnetic moment of a spinning spherical 
shell with charge g and mass M uniformly dis- 
tributed over its surface, he obtains a magnetic 
moment 


= (1.01) 
2Mc : 
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TABLE I. Nuclear spins, nuclear magnetic moments in 
units of the nuclear magneton, and the nuclear resonant 
frequency for H)=10,000 gauss. The third column is 
taken from Taub and Kusch, Physical Rev. 75, 1481 
(1949); for the limits of error of these numbers, see this 
reference. The last column does not utilize all the signifi- 
cant figures of the fifth column, but instead indicates to 
one decimal place the magnitude of the resonant frequency 
in megacycles sec™'. Nuclear magnetic moments obtained 
from hyperfine structure are generally known to about two 
significant figures, and are not included in this table. In 
addition, no exception has yet been found to the empirical 
rule that nuclei with even A and Z have zero spin and zero 
magnetic moment. 


vo =guohHo for 
o =10* gauss 
(megacycles/sec) 


N 


Nucleus A p=egl 
—1.9135 
2.7935 
0.8576 
2.9797 
2.13 
0.8223 
3.2571 
—1.177 
1.8012 
2.6893 
0.7025 
0.404 
+0.280 
2.6291 
1.7464 
2.2178 
3.6419 
1.1318 
0.8222 
0.683 
0.391 
—1.291 
0.215 
2.2266 
2.3850 
2.0145 
2.559 
2.1061 
2.2700 
1.3534 
2.7510 
5.489 
5.502 
2.8105 
3.316 
0.8364 
0.9354 
1.6121 
1.6280 
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where p is the angular momentum of the spinning 
shell and ¢ is a constant numerically equal to 
the velocity of light in free space. 

We shall see that the nucleus does not conform 
accurately to this model nor to any other pro- 
posed simple model (nor even, thus far, to any 
complex one!), and that the resonance absorp- 
tion phenomenon to be discussed here provides 
one of the experimental methods for learning the 
relation between the nuclear magnetic moment 


. 
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and the vector p. However, nuclear magnets 
differ only in magnitude and/or sign from the 
prediction of Eq. (1.01), and it is customary to 
write 

e 


u=sg P, 


(1.02) 
2Mc 


where g, called the syromagnetic—ratio, is a 
number characteristic of a given nuclear species 
in a given nuclear energy state. The symbol M 
denotes the proton mass and e the proton charge. 

Since the nuclear moment is proportional to 
the intrinsic angular momentum or spin of the 
nucleus, it is worth while to review the special 
properties of this vector according to modern 
physics. The angular momentum of any particle 
or system of particles is found to be easily ex- 
pressible in terms of a fundamental unit &, 
which is Planck’s constant divided by 27. The 
quantity usually denoted ‘‘the spin” is defined 
as 1/h times the largest observable value of the 
time average of a component of p in a given 
direction. We shall usually be concerned with 
magnetic fields and we select the direction of an 
applied magnetic field H as the direction of 
interest to us: 


“the spin’”’=(1/h)(py)max=J. (1.03) 


It is found experimentally and theoretically 
that the nuclear spin J can have integral or half- 
integral values. Each nuclear ground state is 
characterized by just one value of J, which is 
tabulated under the column marked “Spin’”’ in 
Table I. 

A general expression for all the permitted 
values of pz is 


bu=mh, 


(1.04) 


where m=, I—1, I—2, ---, —I+1, —T. Since 
quantum-mechanical arguments show that the 
value of p-p is I(I+1)h’, the length of the 
angular momentum vector is 


|p| =[Z(7+1) }ih. (1.05) 


One can apply these relations to find the length 
of the component at right angles to the H- 
direction. Consider the proton, which has been 
found experimentally to have J=}. When py 
=mh, with m=+4, the length of the vector is 
|p| =(v3/2)h and the perpendicular component 
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by = (v2/2)h, (1.06) 


which is even greater than (py)max- As J in- 
creases, (Py)max and |p| become more nearly 
equal. For an object which is massive (com- 
pared to a nucleus), such as a spinning baseball, 
(p)max and |p| are to all intents and purposes 
equal for measurable values of p. 


2. The Larmor Precession; Energy in 
the Magnetic Field 


If a magnet of dipole moment y is placed in a 
magnetic field H, a torque is exerted on the 
magnetic dipole, 


L=uXH. (2.01) 


Newton's law for rotational motion states that 
the rate of change of angular momentum of a 
system is equal to the torque applied to it, or 


dp/dt=L. (2.02) 


Since the torque on a nucleus with magnetic 
moment wu is given by Eq. (2.01), it follows that 


dp/dt=uXH. (2.03) 
But since w= g(e/2Mc)p, we have 
dp/dt= —g(e/2Mc)HXp, (2.04) 


which is the equation of motion for a vector p of 
constant magnitude precessing with angular 
velocity 


@o = — g(e/2Mc)H. (2.05) 
To see this, note that (Fig. 1) 
dp =o X pdt (2.06) 


gives the proper direction to dp, as well as the 
proper magnitude. 

We therefore conclude that if a nucleus of 
magnetic moment uw=g(e/2Mc)p is placed in a 
magnetic field, the magnetic moment vector (or 
the angular momentum vector) precesses with 
the angular frequency [Eq. (2.06) ] regardless of 
the angle between yw and H. This is called the 
Larmor precession frequency. 

Recalling the arguments of Sec. 1, we see 
that the vector model of the nucleus is easily 
described in terms of the magnetic moment as 
follows. The nuclear magnetic moment of a 


nucleus with spin J is a vector of length 

lul =g(e/2Mc)[I(I+1)]}*h; (2.07) 
it has a component 
bu =g(eh/2Mc)m [m=I,I-1,---,—I] (2.08) 


along the direction of an externally applied mag- 
netic field H, and a component of length 


u,=g(eh/2Mc)[I(I+1)—m?]}# (2.09) 


which is perpendicular to the external field and 
precesses with an angular frequency of magnitude 


wo = g(e/2Mc)H. (2.10) 


Since, as may be derived from Eq. (2.01), the 
potential energy U of a magnetic moment yp in 
a magnetic field H is, apart from an additive 
constant, 


U=-—w-H=—paH, (2.11) 


the energy of our nuclear dipole in a state char- 
acterized by m is 


U(m) = — g(eh/2Mc)mH, (2.12) 


and a nucleus of spin J has, in general, 27+1 
energy levels (one for each value of m) accessible 
to it in consequence of its interaction with a 
magnetic field H. These are called the Zeeman 
levels, inasmuch as they are similar to those re- 
sponsible for the Zeeman splittings in atomic 





Fic. 1. Vector diagram used to illustrate the differential : 
equation obeyed by a precessing angular momentum vector 
of constant magnitude. : 
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spectra. It should be noted explicitly that the 
foregoing equations are valid whether g is nega- 
tive or positive. 


3. The Nuclear Magneton and 
“The Magnetic Moment” 


The constant 
bo =eh/2Mc (3.01) 


is called the nuclear magneton, and nuclear 
magnetic moments are often measured in terms 
of it. The Bohr magneton, which is the unit of 
measure for electronic magnetic moments, may 
be found from Eq. (3.01) by substituting the 
electron mass for the proton mass. Note that 
electronic magnetic moments are of the order of 
1000 times larger than nuclear moments. The 
values of the two magnetons are as follows: 


Ho = 5.049 XK 10-4 erg/gauss 
ug = 0.9273 X10-*° erg/gauss. 


It is customary to let the vector I stand for the 
nuclear spin in units of h. Then 


I-I=J(J+1) 


In=m. 


We can combine these definitions to express 
most conveniently the nuclear magnetic moment 
vector as 

u=guol. (3.02) 


The quantity colloquially referred to as ‘‘the 
magnetic moment”’ is 


(un) max = glo. (3.03) 


The dimensionless number g/ is the ‘‘magnetic 
moment” measured in units of the nuclear 
magneton; it is the number tabulated in the 
fifth column of Table I. 


4. Thermal Agitation: The Curie Susceptibility 


We introduce the effects of thermal agitation 
on an assembly of magnets by carrying out a 
simple derivation of the so-called static Curie 
susceptibility. 

The magnetic induction, or magnetic flux 
density, within a sample of matter may be 
written as 


B=H+40M, (4.01) 


where H is the magnetic field and M is the volume 
density of magnetic dipole moments or the mag- 
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netic moment per unit volume of the sample. In 
simple substances which are isotropic, the vector 
M is proportional to the applied magnetic field, 
as we shall find in our ensuing computation, and 
the proportionality factor x is defined as the 
magnetic susceptibility : 


M=xH. (4.02) 


Consider now a substance containing N nuclei 
per unit volume, and assume for simplicity that 
their nuclear magnets are all alike. Then we can 
compute the magnetic moment per unit volume, 
M, if we know the number of nuclei in each 
energy state, since we already know from Eq. 
(3.08) the value of the static magnetic moment 
component along the field direction for each 
state m. The natural tendency is for a magnet 
to align itself parallel to an external field, for, 
as shown by Eq. (2.12), the potential energy is 
then a minimum. However, the energy possessed 
by each degree of freedom of the nucleus by vir- 
tue of its temperature is 3k7, and a simple 
calculation shows that, even for the largest 
nuclear magnet in Table I, this thermal energy 
far exceeds the difference in energy between the 
parallel and antiparallel positions of the nuclear 
magnet in the field H. 

We therefore expect the collisions due to 
thermal agitation in the sample to play such 
havoc among the ranks of the nuclear magnets, 
which the external magnetic field H seeks to 
align, that there will be but a very small excess 
of nuclei in the lowest energy state. To illustrate 
this effect quantitatively, we compute from the 
Boltzmann factor the excess number of protons 
(27+1=2) in the lower state at room tempera- 
ture in a field of 20,000 gauss (usually the upper 
limit on fields obtainable in the laboratory). 

Let the number of nuclei per unit volume with 
energy U(m) be N(m). Then the ratio of the 
population of the two proton states m=} and 
m = —%} is, according to Boltzmann, 


N(+4)__ expl-U@)/kT] 


H 
=—_—_——__—_1 + guy—, 
M-) expl-U(-b/eT] ET 


since, at room temperature, U(m)<kT. Putting 
the numbers H=20,000 gauss, kT =4X10-"“ 
erg, and g=5.58 for protons, one finds 


N(+4)/N(—4$) =14+14.1X 10-6. 


(4.03) 
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Thus, for every million nuclei in the upper 
energy state, there are one million and fourteen 
nuclei in the lower energy state. Clearly it is 
these fourteen protons in each two million which 
are responsible for the net nuclear magnetization 
of the sample. 

To compute the Curie susceptibility for any 
nucleus characterized by a=gyuoH/kT, we re- 
quire the sum 
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I 
=K ¥ exp[ma]guom. (4.04) 
m=—I 





Since a1, the constant K is easily evaluated 
from 






N= > N(m) = > K exp[ma ] 
= — 





as N/(2I+1). Thus Eq. (4.04) becomes 
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N kT? 
H= oP’ — > m’. (4.05) 
2i+1 H-t 


Whether J is integral or half-integral, it may be 
shown that 


E m= (+N) 2+1), 


and the final result is 
My =(N/3RT) 2? uo? I T+ 1)H. (4.06) 


Comparison with Eq. (4.02) identifies the Curie 
susceptibility, which we denote by xo: 


xo= (N/3kT)g?uo?°I(I+1). (4.07) 


Returning to our example, the proton, we see 
that Eq. (4.07) simply gives the magnetic mo- 
ment per unit volume arising from the fourteen 
excess protons aligned parallel to H out of every 
two million protons in the sample. With reduced 
temperatures, the excess population in the lower 
energy state increases. Indeed, at very low tem- 
peratures the nuclear effect becomes so pro- 
nounced as to be experimentally measurable; 
the static Curie susceptibility of solid hydrogen 
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has been measured directly by Lasarew and 
Schubnikow." 


C. Magnetic Resonance 
5. Absorption and the Bohr Frequency Condition 


On the basis of the Bohr frequency condition, 
one can use the results of Part B to conclude 
that nuclear resonance absorption may occur. 
Bohr’s explanation of the hydrogen spectrum in- 
volved the postulate that a system characterized 
by two discrete energy states separated by en- 
ergy AU may make a transition from one state 
to the other accompanied by either emission or 
absorption of a quantum of electromagnetic 
radiation of energy 


hw = AU. (5.01) 


Whether the quantum is emitted or absorbed is 
determined by energy conservation for the transi- 
tion in question. 

In Part B a nucleus in a magnetic field was 
found to have 2J+1 energy levels accessible to 
it, and if 70, transitions are possible. The 
energy difference between any two such levels in 
a constant external magnetic field Hp is 


U(m"’) — U(m') = gucHo(m’—m"). (5.02) 


Only transitions in which m changes by +1 or 
—1 are permitted by a so-called selection rule 
and therefore transitions are permitted between 
adjacent states of an energy level scheme such 
as that of Fig. 2, which applies to a nucleus with 
I=5/2. The selection rule applied to Eqs. (5.01) 
and (5.02) determines the frequency of the 
radiation emitted or absorbed by the nuclear 
magnetic dipole: 


hero = gZuollo, * (5.03) 


which is precisely the Larmor frequency of Eq. 
(2.10). Protons in a field of 10,000 gauss precess 
at a frequency wo/27=42.6X 10° sec—!, which is 
in the radiofrequency range. 

To summarize, if one subjects a sample con- 
taining nuclear magnets to radiation at the 
Larmor frequency, which is the order of mega- 
cycles in ordinary laboratory magnetic fields, a 
nucleus in a lower Zeeman energy state may ab- 

14 B, Lasarew and L. Schubnikow, Physik. Zeits. Sowjet- 


union 11, 445 (1937). If this reference is not available, see 
reference 1, pp. 224-225, 
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Fic. 2. Energy level diagram for a nuclear moment of 
spin 5/2, showing schematically the absorption of a quan- 
tum of radiation which induces a transition between a 
pair of adjacent Zeeman levels. 


sorb a quantum of energy from the radiation 
field and make a transition to the next higher 
energy state. If the frequency of the radiation is 
not near the Larmor frequency, we expect little 
or no absorption, and hence the absorption is 
what physicists call a resonance phenomenon. 
This cursory argument ignores entirely a num- 
ber of important details. For example, are there 
sufficient excesses of nuclei in the lower energy 
states for a measurable net absorption to occur? 
If so, what means exist to maintain this dis- 
tribution during the absorption process? And, 
are there any details about the radiation, such 
as its polarization, which are important? All of 
these questions will be dealt with in later sections. 


6. The Flopping Torque of a Precessing 
Magnetic Field 


Suppose that a small magnetic field H;, rotat- 
ing with angular frequency w is in some way 
placed at right angles to the constant magnetic 
field Ho, where H,<Hp. The additional field H, 
will produce a new torque Lyiop which tends to 
tip the vector yw. Note, however, that if Hy, 
rotates at a frequency appreciably different from 
the Larmor precession frequency of w in the 
large magnetic field, Ly.» will change sense 
periodically with a frequency which is the dif- 


E. PAKE 


ference between w and wo. This is seen from Fig. 3 
by noting that when H, has the position OA 
with respect to wu, Lriop tends to tip » downward, 
but when H, has position OB, its torque (L’ top) 
tends to tip uw upward. This periodic change in 
sense of Lriop when w and wo differ appreciably 
leads to a zero time average for the flopping 
torque. 

But when w=wo, Lriop tends always to tip p 
in the same sense. If the vector u does tip and 
thus change its angle with respect to Ho, energy 
must either be absorbed or emitted; again we 
are led to the resonance condition, this time by 
purely classical considerations. 

The magnetic field H, must rotate with angular 
frequency wo, whereas it seems natural to think 
of the electromagnetic radiation mentioned in 
Sec. 5 as possessing an oscillatory magnetic 
component. Indeed, the two points of view are 
reconcilable if one notes that an oscillatory field 
consists of two superimposed fields which rotate 
in opposite directions. Consider the field 


H,=2H, coswt 
H,=0 
H,=0 


(6.01) 


This is evidently expressible as the sum of the 
two fields, 


H,titht = H, coswt 
H,#t = Hy sinot 
H, ist =0 


H,'et= H, coswt 
H,'*'t= —H, sinwt >, (6.02) 
H,*tt=0 


which rotate about the z axis with frequency w, 
but in opposite directions. If the oscillating field 
Eq. (6.01) has w=wo, one of its rotating com- 
ponents will follow the precessing vector uw and 
produce transitions as discussed in this section. 
The oppositely rotating component is far off 
resonance, and its effect is negligible. 

These considerations lead us to expect that 
the radiation which is to induce the transitions 
of Sec. 5 should be polarized with its magnetic 
vector at right angles to the large field Ho. 


7. The Quantum- Mechanical 
Transition Probability 


The simple arguments of Secs. 5 and 6 attempt 
to make the absorption plausible, but a quantum- 
mechanical treatment is required to establish 
firmly the properties of the absorption by an 
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assembly of nuclear magnets. Quantum me- 
chanics does not give us complete information 
as to the energy, angular momentum, and posi- 
tion of each nucleus at any time, but it does 
provide us with all that we need to know, namely, 
the probability that a nuclear magnetic moment 
initially in a state m will at some later time ¢ be 
found in a state m’. This probability, expressed 
per unit time, will be denoted P(m—m’). 

If a nucleus in one of its Zeeman energy 
states is immersed in a radiation bath with en- 
ergy in the frequency range dy near v given by 
p(v)dv, one expects the probability of a transi- 
tion to be proportional to the number of quanta 
present with frequency near the Larmor fre- 
quency, that is, proportional to p(y). In fact 
the quantum-mechanical result obtained by per- 
turbation theory is 


P(m—m!) = (24/3h?)g2u02| Imm’ |20(v0). (7.01) 


The quantity |Inm|, which is the so-called 
matrix element of the nuclear spin, is usually of 
order of magnitude unity; when |m’—m|>1 it 
vanishes, giving rise to the selection rule men- 
tioned in Sec. 5. 

For an isolated magnetic moment with J=} 
in a constant magnetic field Ho perpendicular 
to which is a precessing smaller field H;, Rabi" 
computes the transition probability directly from 
the Schrédinger equation containing the time, 
without resorting to perturbation theory. He 
finds that the chance C(}—>—4) for a nucleus 
initially in state m=3 to be at a later time ¢ in 
state m= —} is 


sin?6 


1+ (wo/w)? —2(wo/w)cosé 


, Wo Wo 3 
xin f1+(= ) —2— cost] , (7.02) 
@ @ 


where tan@=H,/H); note that C is not a proba- 
bility per unit time, but is rather the total 
probability at any time ¢. The ratio wo/w is to be 
counted negative if the rotation of H, is not in 
the same sense as the nuclear precession. In 
most experiments, H,;<H, and Eq. (7.02) 


CQ -3) = 


167. I. Rabi, Physical Rev. 51, 652 er See also 
J. Schwinger, Physical Rev. 51, 648 (1937). 


becomes 


6? 


[1 —(wo/w) P+ (wo/w) 


wt! wo\? wo 7 
xsin*| “(1 -~) +e ' (7.03) 
2 w w 
When resonance is obtained, that is, when 
wW=wo, a value of ¢ can be found for which 
C(3——}3) is as close to unity as one pleases. 
Moreover, when w=—wo, C(3——}) becomes 
extremely small, confirming the conclusion of 
Sec. 7 that the wrong-rotating half of the oscil- 
lating field has negligible effect. 
For higher values of the spin J, Majorana'® 
has obtained the general formula for C(m—m’). 
At resonance, the expression (7.03) oscillates 
between 0 and 1 as time progresses. This hints at 
a result which is explicitly found by Rabi and 
also by the perturbation treatment, namely, 
C(3->—4) =C(—3-3) 


PQ—>-})=P(—}}). 


The classical discussion made this seem likely, 
for there is nothing about the rotating field H, 
which will turn off Lrop after the magnetic 
moment wu has been tipped to a new position 
with respect to Hy (and, therefore, to a new 
energy). 


CQ -2)= 


(7.04) 







Tipping tendency 


flop 
Tipping tendency 


of Linon 
/ 


flop 4 


Fic. 3. Vector diagram illustrating the tendency of the 
small precessing magnetic field H, to tip the magnetic 
moment vector as it precesses in a large constant field Ho. 


16E. Majorana, Nuovo Cimento 9, 43 (1932). See also 
reference 3. 
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The reader is cautioned to use discretion in 
applying conclusions drawn from Eq. (7.03) to 
an assembly of interacting spins. First, as will 
be seen later, C(}-—>—}3) becomes quite small if 
wo/w differs from unity by even a very small 
amount, and inhomogeneities in any laboratory 
magnetic field will make it impossible for a siz- 
able fraction of the nuclei initially in state m=} 
to have their C’s near unity at any instant. 
Further, the nuclear magnets produce time vary- 
ing local magnetic fields at their neighbors which, 
tend to spread wy over an appreciable range only a 
small portion of which will be covered at any in- 
stant by a single monochromatic radiation source. 
The equal probability found in Eq. (7.04) for 
transitions downward in energy (stimulated 
emission) and transitions upward in energy (ab- 
sorption) emphasizes that, if a net absorption is 
to occur, there must at all times be the excess 
number of nuclear magnets which we found in 
Sec. 4 to exist in the lower energy states at 
thermal equilibrium. Otherwise, every absorptive 
transition will be balanced, on the average, by 
an emissive transition, and there will be no net 
energy exchange. We are thus brought to grips 
with the problem: how is thermal equilibrium 
among spin states established, and, once estab- 
lished, can it be maintained during a resonance 
experiment? The answer is found in the spin 
interactions to be discussed presently. 


8. The Spin-Lattice Relaxation Time, T, 


Consider a sample containing nuclear magnetic 
moments which resides initially in a small mag- 
netic field such as that of the earth. The Boltz- 
mann factors for the various Zeeman energy 
states are almost exactly unity and the spins 
are essentially equally distributed among the 
2I+1 spin states. If this sample is thrust sud- 
denly into the gap of an electromagnet which 
produces a field of 10,000 gauss, we ask how 
much time must elapse before the equilibrium 
excess numbers of nuclei will have found their 
way into the lower energy states. We are thus 
interested in the mechanism of the so-called 
relaxation process by which equilibrium is estab- 
lished. From a thermodynamic point of view, a 
relaxation process is thus any method of energy 
exchange between the system of nuclear spins 
and the lattice. 
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At the first instant after insertion into the 
magnetic field, and before equilibrium attains, 
the nuclear spins are still very nearly distributed 
in equal numbers among the 27+1 levels. A 
glance at Eq. (4.03) indicates that, since Hp, 
and therefore U(m), is now large, the exponent 
can remain negligible only if the temperature Ts 
of the spin system is extremely high. In fact, for 
I=}, the excess number in the lower energy 
state defines at any time the spin temperature 
Ts. Our problem is that of describing the heat 
exchange between the lattice of vibrating atoms 
or molecules and the system of nuclear magnets, 
whose existence is usually well-sheltered by the 
enveloping electron closed-shells formed during 
the chemical combination which brought the 
lattice into being. 

In order for the nuclear spins to ‘‘cool down,” 
it is necessary that transitions from the upper 
spin states to the lower spin states occur more 
frequently than the reverse transitions. This 
seems at first thought to be incompatible with 
the result of Eq. (7.03) that the probabilities for 
transitions in both directions are equal. How- 
ever, the present situation differs from that 
considered in Sec. 7 in that the entire system, 
consisting of lattice+radiation field+spins, is 
being left to itself to come to equilibrium at a 
definite temperature, whereas the monochro- 
matic radiation field of Sec. 7 never comes to 
equilibrium with the nuclear spins at a common 
single temperature. Therefore the probabilities 
of Sec. 7 cannot be applied to the relaxation 
process without first taking into account certain 
properties and consequences of the equilibrium. 

Let N(p) and N(q) be the equilibrium popula- 
tions of two Zeeman levels p and g which differ 
in energy by U,— U,. Then a detailed balancing 
of the transitions between p and q will preserve 
equilibrium if 

N(b)W(p-q) =N(q)Wq-p), (8.01) 


where W(p-—q) is the total probability per unit 
time of a single transition from p to g. But, at 
equilibrium, the Boltzmann factor governs 


N(p)/N(q), and 
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p to g cannot depend upon the population of g, 
and we must suppose that the total probabilities 
W are related to the quantum-mechanical prob- 
abilities P through the Boltzmann factor of the 
final state, even when equilibrium has not yet 
obtained : 


W(p-q) =P(p—q)exp(—U,/kT). (8.03) 


We consider in detail the case J=}. Let the 
total number of spins be N, the population of the 
lower and upper energy states being respectively 
N(+) and N(—). Then, since P(+—--—) 
= P(——>+) =P, we obtain 


W(+——) =P exp(—}guoH/kT) 
W(-—+)=P exp(+3guollo/kT). (8.04) 


The excess number »=N(+)—N(—) changes 
by 2 for each transition. This fact and the 
definition of the probabilities leads to the dif- 
ferential equation 


dn/dt=2N(—)W(—-—+) 
—2N(+)W(+—-—). (8.05) 


Since n<WN for all cases of interest here, we 
substitute 


W(+—>—)=P[1—3|g| molo/kT ] 
W(-—+)=P[1+4|g|uoHo/kT], (8.06) 


obtained from Eq. (8.04), into Eq. (8.06) to find 
dn/dt=2P(no—n), (8.07) 


where mo = N | g| uoH/kT is the equilibrium value 
of n. Integration of Eq. (8.07) yields 


n=no[|1—exp(—2Pt) ]. (8.08) 


We note that the equilibrium excess number 
establishes in a fashion analogous to the charg- 
ing of a capacitor of time constant 1/2P. This 
characteristic time, 


T,=1/2P, (8.09) 


is called the spin-lattice relaxation time or the 
thermal relaxation time, and is the time re- 
quired for all but 1/e of the equilibrium excess 
number to reach the lower energy state. 
Theories of nuclear magnetic relaxation must 
compute P from Eq. (7.01). Waller!? made one 
of the pioneering attempts in this direction. He 
examined the effect of the spectrum of vibrations 


177, Waller, Zeits. f. Physik 79, 370 (1932). 


and other lattice motions responsible for the 
specific heat of a solid. Such vibrations of the 
charged particles of the lattice lead to oscillatory 
currents and therefore to oscillatory local mag- 
netic fields, the spectral intensity of which at 
the Larmor frequency should determine P ac- 
cording to Eq. (7.01). However, this mechanism 
leads to values of T; which are several orders of 
magnitude too large. Bloembergen, Purcell, and 
Pound® have studied relaxation in fluids and find 
that Brownian motions at the Larmor frequency 
provide the relaxation mechanism. 

Thermal relaxation times thus far measured 
range from 10~ sec or less in certain solutions 
containing paramagnetic ions to several hours 
for very pure ice crystals at liquid nitrogen 
temperatures. The value of 7, for the protons 
in water at room temperature has been measured 
by Hahn!* to be 2.33+0.07 sec, in good agree- 
ment with the theory of BPP (see footnote 5). 
Relaxation for nuclear moments in solids, in- 
adequately accounted for by Waller’s theory, 
now appears to be explained by the presence of 
minute amounts of paramagnetic impurities, 
with their thousand-times larger magnetic mo- 
ments.!*2° These effects will be discussed in 
Part G. 


9. Spin-Spin Interactions 


The preceding section dealt with interactions 
between the system of nuclear spins and the 
lattice. In addition, each individual precessing 
nuclear moment interacts with neighboring spins 
through their magnetic fields. In fact, the total 
magnetic field at any single nucleus consists not 
only of the applied field Ho, but includes also 
the resultant of the local fields produced by the 
static components of neighboring ‘magnetic di- 
poles. Depending upon the arrangement of its 
neighbors among the 27+1 values of uy, a given 
nucleus ‘‘sees’’ a slightly larger or slightly smaller 
field than that externally applied. One can esti- 
mate this effect by finding the magnitude of the 
local field which a nuclear magnetic dipole may 
be expected to produce at a distance of an ang- 
strom unit or so, 


Hicc~ mor *~5 gauss. (9.01) 
18E, L. Hahn, Physical Rev. 76, 145 (1949). 


19 J. F. Darby and B. V. Rollin, Nature 164, 66 (1949). 
20 N. Bloembergen, Physica 15, 386 (1949). 
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We can expect a dispersion or spread of values 
of the precession frequency because of the varia- 
tion over these several gauss of the effective 
magnetic field at different nuclei throughout the 
sample. The magnitude of the precession fre- 
quency spread, dwo, is then 


bwo~ guoht"A oe ~ 104 sec. (9.02) 


One can interpret this as meaning that, if two 
nuclei are known to be precessing in phase at 
time t=0, they may be expected to have lost 
their phase relationship within a time the order 
of 1/5w9~10- sec. 

A second process can occur to interrupt the 
phases of the precessing spins. If nuclei A and 
B are antiparallel to each other, the precessing 
component of A’s magnetic moment produces at 
Ba precessing magnetic field at nearly the proper 
frequency to produce a transition, and vice versa. 
It is, therefore, possible for A and B to flip each 
other over, leaving the net energy of the spin 
system unchanged. In effect, spins A and B 
have interchanged positions in the lattice, and 
this is often called a spin exchange or a spin-spin 
collision. 

Though the spin-spin collision does not affect 
the total energy of the spin system, it does limit 
the lifetime of a spin state and leads, through the 
Heisenberg uncertainty relation, to an energy 
spread or dispersion. Since the relative phases 
of the two neighboring spins change appreciably 
during a time 1/dwo (see the first part of this 
section), we can expect that nucleus A will re- 
quire a time of that order of magnitude before 
its Larmor frequency becomes precisely equal to 
that of spin B, and the lifetime of a spin state 
should be limited by spin-spin collisions to times 
the order of 1/dw 9. Then the energy levels are 
broadened by an amount 6U given by 


5U-(1/8w) ~h (9.03) 


in accordance with the Heisenberg uncertainty 
principle. We again arrive at the conclusion that 
the relative phases of the precessing nuclear 
spins will be destroyed over times the order of 
1/5wo~10-* sec, as a consequence of the inter- 
ruption of a precessing state through spin-spin 
collisions. 

The observable effect of these two phase- 
destroying processes arises through the spread in 
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energy levels, that is, the dispersion of Larmor 
frequencies, which imparts to the absorption line 
a finite width. Later sections will be devoted to a 
detailed discussion of line width and its meaning 
in terms of the internal structure of the sample. 

The quantum-mechanical calculation of line 
width verifies that both local field dispersion and 
spin exchange are real effects which broaden the 
line. The uniqueness of the two may be estab- 
lished by noting that unlike nuclear neighbors, 
by virtue of their appreciably different precession 
rates, should be unable to participate in spin- 
exchange processes, whereas their static com- 
ponents along Hy are still perfectly capable of 
dispersing the values of the total field at nuclei 


in the sample. Theory and experiment verify 
this fact. 


D. The Bloch Formulation 
10. Absorption and the Complex Susceptibility 


Our point of view thus far has often been 
microscopic, that is, we have considered various 
phenomena in terms of the individual nucleus. 
In an actual experiment, of course, one deals 
with matter in bulk, and it is the macroscopic 
magnetic moment of the sample as a whole 
which he observes. The magnetic moment per 
unit volume of the sample M is related to the 
magnetic field H through the magnetic sus- 
ceptibility x, which is conveniently selected as 
the quantity to which the absorption will be 
related. 

As in the familiar example of the magnetic 
absorption which leads to hysteresis losses in a 
transformer core, the energy absorbed by unit 
volume of the sample per second is 


@ t=27/w 
A=— 


Qn t=0 


H-dM. (10.01) 


The integral itself represents the energy absorbed 
per cycle. It is convenient to represent the os- 
cillatory magnetic field as the real part of a 
complex number 


KH = 2H, exp(iwt) (10.02) 


(script letters are used throughout to denote 
complex quantities). Then the physically observ- 
able magnetization is the real part of 9% which 
is the product of the complex susceptibility 
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x=x'—tx” and &: 
M = x' (2H, coswt)+ x'"(2H; sinwt). (10.03) 


Since 2H, coswt is the applied field, the imaginary 
portion of the susceptibility is a measure of the 
out-of-phase component of magnetization. 

If we take M and dM /dt to be collinear with 
2H,, the integral of Eq. (10.01) is quickly evalu- 
ated to yield 

A =2H wx”. (10.04) 


The energy absorbed by the nuclear spin system 
is therefore proportional to x’’, the out-of-phase 
component of the nuclear magnetization. In the 
following section the resonance properties of 
x’’ will be demonstrated, thereby establishing 
nuclear magnetic resonance absorption. 


11. The Bloch Equations 


The equations of motion involving the nuclear 
magnetization M and the total magnetic field 
can be written from the discussions of earlier 
sections. These equations were first set up and 
solved by F. Bloch,’ who sought a phenomeno- 
logical description of the nuclear induction effect 
which is closely related to the absorption treated 
here. 

Let the sample be placed in a large constant 
magnetic field Hy which lies along the z axis of a 
rectangular coordinate system, and suppose a 
small magnetic field to precess about the z axis. 
Then the magnetic field vector is taken to in- 
clude Hy and the ‘“‘left’”’ rotating portion of 
Eq. (6.01): 


H,= H, coswt 
H,= — H, sinewt ¢. (11.01) 
=e 


The rotating field has its angular velocity vector 
along the direction of —z because Eq. (2.05) 
indicates that a positive magnetic moment pre- 
cesses in this sense. The equations which follow 
therefore treat absorption by an aggregate of 
nuclei with positive magnetic moments; the re- 
sults will be equally valid for a negative moment 
if the H, field precesses about +2, but no dis- 
tinction will be necessary in the experimental 
situation which uses the oscillating field H, 
= 2H, coswt, as both precessing components are 
present. 


It is assumed for simplicity that the sample 
contains but one magnetic nuclear species, of 
which there are N per unit volume, and that 
this nucleus has spin J and magnetic moment gI 
nuclear magnetons. Although overlapping of two 
different nuclear resonances will seldom occur 
because the resonances are generally quite nar- 
row, superposition will adapt the results which 
follow to any situation. 

The vector equation of motion for a single 


nuclear magnetic moment may be written from 
Eq. (2.03) as 


du/dt = g(e/2Mc)yXH. (11.02) 


Summing over all the nuclear moments in unit 
volume of the sample transforms Eq. (11.02) into 


(dM/dt)=yM XH, (11.03) 
where 


¥y = ge/2Mc=w/Ho. (11.04) 


The parentheses around (dM/dt) are intended 
to indicate that Eq. (11.03) represents but one 
of several contributions to dM/dt, others arising 
from the processes discussed in Secs. 8 and 9. 
For example, the z-component of magnetization 
is proportional to the excess number in the lower 
energy states, and Eqs. (8.07) and (8.09) produce 
a spin-lattice contribution 


(dM,/dt) =(My—M.,)/T;. (11.05) 


The final contribution arises through spin-spin 
processes, which were found in Sec. 9 to destroy 
phase relationships between the precessing (x — 
and y—) components of the nuclear magnetic 
moments. This destruction of the x— and y— 
components may be expressed by the equations 


(dM./dt) = —M./T 
(dM, /dt) = — M,,/T:: (11.06) 


Integration of each equation in (11.06) by itself 
quickly verifies that these components would die 
out to 1/e of their initial values after time T>. 

Upon evaluating the cross product in Eq. 
(11.02) and adding the contribution from Eqs. 
(11.05) and (11.06), one obtains the Bloch 
equations: 


dM,/dt=[M,Ho+ MH; sinwt]—M./T: 

dM,/dt = y[M.H, coswt— M.Hy|—M,/T2 

dM,/dt=y[—M.Hi sinwt — M,H, coswt ] 
+(Mo—M,)/Ti. (11.07) 
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The resonance absorption phenomenon we treat 
here is described largely by a particular solution 
of Eqs. (11.07) which is obtained in the Appen- 
dix. We shall be interested in M, and M, since 
the experimentally applied fields 2H; coswt and 
Hy are in these directions. We find 


M, _ Fxowol 2 
(2H, coswt) T2(wo —w) +2H, sinwt 


1+T72?(wo —w)?+YHYTiT2 
1+T72?(wo —w)? 
M,=xHo—_—_———__ 
1+72?(wo —w)?*+77H TT? 


where xo is the Curie susceptibility in Eq. (4.07). 
Comparison of Eq. (11.08) with Eq. (10.03) 
identifies the Bloch susceptibilities as 


T2(wo —w) 
14+T2(wo —0)?+YHYTiT2 
1 
14+-T2(wo —w)?+YHYTiT2 


Finally, the absorption is obtained from Eq. 
(10.04) and the above value of x’. 


wols 

A =oHYyxg———___——_—_- 
1+T7 (wo —w)? +7 HYTiT2 

The key equation (11.02) into which Bloch 
introduced the interactions involving T; and T, 
is a classical one, and it may well be asked why 
we apply it with such confidence to the small 
nuclear domain under consideration. In the 
quantum-mechanical formalism, the magnetic 
moment wp is replaced by an operator, and a pro- 
cedure is developed for finding directly from the 
operator and the nuclear wave function the 
expectation value of the quantity the operator 
represents. It is a happy fact that the quantum- 
mechanical expression for the time derivative of 
the magnetic moment operator is identical in 
form to Eq. (11.02), uw being replaced by the 
operator. Upon proceeding to take the expecta- 
tion value of each member, one alters in no way 
the form of the equation, which is now satisfied 
by the expectation value of y. This expectation 
value corresponds to the observable quantity in 
an experiment, and therefore Eq. (11.02) de- 
scribes the system no matter how large or small 
its quantum numbers may be. 


(11.08) 


(11.09) 


x’ = $xowol 2 


x” = dxowol 2 


(11.10) 
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12. The Bloch Susceptibilities 


a. No saturation effects—Consider first the 
situation when 


VH?TiT2<1. (12.01) 


For example, this condition, when applied to the 
proton resonance in water at 7000 gauss, requires 
that H, be about one milligauss or smaller. The 
susceptibilities of Eq. (11.09) then reduce to 

/ 


T2(wo —w) 
x’ = $xo0wol 2——_—_——___ (12.02) 
1+72?(wo —w)? 


(12.03) 


owol 


1 +T2?(wo —w)? 


and the absorption is 
A=2H wx". (12.04) 


The factor w in Eq. (12.04) may usually be re- 
placed by wo since the resonance is ordinarily 
quite narrow compared to the resonant fre- 
quency wo. 


Units of 
3B XoWole 


| 2 3 a 
X= Tplup—a) > 


Units of 
bXqwoTe 


Fic. 4. The Bloch nuclear susceptibilities plotted against 
the dimensionless variable x=72(wo—w). These graphs 
apply to conditions of negligible saturation. 
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Equations (12.02) and (12.03) are plotted in 
Fig. 4 against an abscissa x=T2(wo—w). The 
resonant character of the absorption is apparent, 
maximum absorption occurring at the Larmor 
frequency. Further, the half-width at half- 
maximum intensity occurs when 

T2|wo—w|,=1, (12.05) 
and thus 1/T> is the half-width expressed as an 
angular frequency. The qualitative considera- 
tions of Sec. 9 are borne out: spin-spin processes 
fix the line width in a perfectly homogeneous 
external field. 

The Bloch susceptibilities have the so-called 
Lorentz shape”! which was first obtained in the 
simple classical analysis of radiation by a damped 
oscillator.” 

b. Saturation effects—We now remove the re- 
striction Eq. (12.01) and increase H,; until 
y?H?T,T2 has a value of the order of unity. 
Under this condition, the nuclear spin system is 
said to be saturated, that is, it is soaking up 
radiofrequency energy to such an extent that the 
relaxation processes are unable to keep it at the 
lattice temperature. One can observe this directly 
from the expression (11.09) for M, if xo is re- 
placed by its value in Eq. (4.07). The maximum 
value of M, is then 

N: 2 apne 
Mdaw~wd ose ee (12.06) 
3kT(1+7°HYTiT2) 
Equation (12.06) has a form that suggests the 
definition of an effective spin temperature, 


Ts =T1+Y7HYTiT2), (12.07) 


since, if the constant field Hp alone were applied 
at a real temperature equal to Ts°f, Eq. (12.06) 
would give the equilibrium value of M, which 
would arise. Thus the excess population in the 
lower energy states is reduced when 7?H,?7,T> 
is no longer negligible compared to unity. 

The absorption is also affected by saturation. 
Whereas the expression (12.04) for A increases 
directly with H,’, the general expression (11.10) 
approaches the constant value 


A (sat) = (wwoxo)/(y?T1) 
as H;? is increased indefinitely. 


(sash E. Pake and E. M. Purcell, Physical Rev. 74, 1184 
22 See, for example, R. Becker, Theorie der Electrizitat 
(Edwards Brothers, Inc., Ann Arbor, 1945), p. 139. 


Appendix 


To aid in obtaining the particular solution of 
the Bloch equations, define the complex numbers 


Oly. = M,+iM, 
o_= M,—iMy,. 


First add 7 times the second equation of (11.07) 
to the first, then subtract 7 times the second from 
the first, obtaining 


dM ../dt = yl —tHom, 
4iHyme-‘*"]—9,/Ts (1) 


dm_/dt = y[4Hom_ 
—1H mM ,e*** ]—M_/T>. (2) 


We remove the time dependence by letting 


Ts = satis 
(3) 


NU = ef #*Qu_ 


so that Eqs. (1) and (2) become, after substitut- 
ing w= yHo, 


to Ns. = 19 Ny a a 4 
tw = tw) SM —two(Hi/Ho)M, = N_/T2 ; 


Equations (4) yield St, and N_: 


wo(H1/Ho)M, 
«ans 


* wo(H/Ho)M, , 
ae —o+i/T 2 


To evaluate SM, we require the third equation 
of (11.07). We seek a solution characterized by 
a steady-state absorption, and it will be assumed 
that 9, is time independent. This' assumption is 
not so restrictive as to require that the spin and 
lattice temperatures be equal, but merely re- 
quires that the spin system reach equilibrium 
determined by the inflow of r-f energy, the re- 
laxation times, and the lattice temperature; this 
equilibrium state may well correspond to a spin 
temperature appreciably higher than the lattice 
temperature. 

The assumption d9,/dt=0 combines with the 
identity 


M,sinwt+ M, coswi = (1/24) (t,e%* bes MM_e-*!) 








452 


to yield from Eq. (12.07) that 


7H, : : Se —Mo 
[ot ,e%* —M_e~tet |] =—__—_—_ (6) 
21 T; 


which on further rearranging becomes 


Mo—M, a a 
a an( t/t) (——). (7) 
4 


1 


The bracket of Eq. (7) is found directly from 
Eq. (5); it is real, allowing M, to replace MM, 
and, upon solving the resultant expression for 
M,, one obtains 


(wo —w)?+1/T2? 


M =x 
(wo —w)?+ (1/T 2) + (HT 1/T2) 


. (8) 


The quantity M, may be obtained from 
M,=}(M4+M_) =3[MNy pe **# ++ N_eiot] 
and Eqs. (5) as 
e-iwt 
M,=400(Hi/Ho) ut . 
@o—-@ —1/T2 
eit 


———————__}|. (9 
a ©) 


Since M, is real and the terms in brackets are 
complex conjugates, the expression (9) is indeed 
real, and 


M, = Swoxol 2 


Ee coswt) T2(wo —w) +2A, sinwt 
1+T72?(wo —w)?+7’HTiT2 


| (10) 


List of Principal Symbols 


u=magnetic moment vector 
p=angular momentum vector 
c=velocity of light in vacuum 
M=mass of proton 
e=charge on the proton 
g=nuclear g-factor (dimensionless) 
h=(27)— times the Planck constant 
H= magnetic field 
I=nuclear spin vector (dimensionless) 
m= magnetic quantum number (dimensionless) 
T=nuclear spin (maximum value of m) 
L=torque vector 
wo =angular frequency of Larmor precession 
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U(m)=Zeeman energy of a magnetic moment in 
state m 
uo =eh/(2Mc) =nuclear magneton 
u=gI=dimensionless number of nuclear magne- 
tons: “‘the nuclear magnetic moment”’ 
B=magnetic induction vector 
M=volume density of magnetization 
xX = magnetic susceptibility (dimensionless) 
N=number of nuclear magnetic moments per 
unit volume 
k=Boltzmann constant 
T=absolute temperature, usually of the lattice 
N(m) =number of nuclei per unit volume in state m 
xo=nuclear Curie susceptibility 
w=angular frequency of incident radiation 
H,=rotating magnetic field 
Ho=constant magnetic field vector 
P(m—>m’) =transition probability per unit time 
v=frequency of radiation 
p(v) =energy density of radiation at frequency » 
C(m—m’) =absolute transition probability 
T1=spin-lattice relaxation time 
Ts=temperature of the nuclear spin system 
W(p—q) =total transition probability per unit time after 
detailed balancing 
n=excess of nuclei per unit volume in lower 
Zeeman state (for I= }) 
no=equilibrium value of for Ts=T 
Hoc = magnetic field produced at a lattice point by 
neighboring nuclear moments 
A =energy absorbed per second per unit volume 
x’, x’’=real and imaginary parts of x= x’—ix”’ 
Mo=equilibrium value of z-component of nuclear 
magnetization 
T2=time for a freely precessing component of nu- 
clear magnetization to fall to e~ of its value; 
inverse measure of line width 
vy =ge/(2Mc) =ratio of angular Larmor frequency 
to magnetic field 
x = T2(wo —w) =dimensionless variable 
£&=complex inductance of coil containing nuclear 
sample 
‘YY =complex admittance 
U =complex potential difference 
a=ratio of modulation amplitude (gauss) to line 
width (gauss) 
G,=gain of the receiver 
D =deflection of ‘‘lock-in’’ meter 
s=7°H?TiT2=saturation factor 
8=angular frequency of magnetic field modulation 
AH =difference between H and its resonant value 
for applied radiofrequency v 
p(4H) =line shape for interacting pair 
f(v) =any normalized line shape on a frequency scale 
((Av)?)4y=second moment of line shape 
7-=correlation time 
6H=separation (in gauss) between points of ex- 
treme slope of the absorption curve. 








ar 


- 


ar 


ne 


on 


ue 


ale 


eX- 





The Allowed Beta-Spectrum 


C. SHaRP Cook AND GEORGE E. OwEN* 
Washington University, St. Louis, Missouri 


I. Introduction 


HE development of the theory of beta-decay 
and of the experimental work done in con- 
nection with this theory forms an interesting ex- 
ample of the gradual evolution of new ideas, both 
experimental and theoretical, which led and still 
leads to a compact and useful theory of the 
physical process involved. In this case, as in 
others, progress was slow; however, each con- 
tribution whether in support of or in disagree- 
ment with this theory has formed a resulting 
foundation for beta-decay which at this time 
seems solid. 

It is the purpose of the following discussion to 
trace the experimental and theoretical investi- 
gations of the allowed beta-decay process. In 
addition to allowed transitions there are also 
forbidden transitions just as in the case of atomic 
spectra. The forbidden transitions will not be 
treated at any length in the present work, since 


their peculiarities present a problem in them- 
selves. 


II. The Fundamental Nature of the 
Continuous Spectrum 


Soon after the discovery of radioactivity the 
radiations from radioactive nuclei were found to 
consist of three distinct types.! These three types 
were called alpha-, beta-, and gamma-radiations 
in accordance with their ability to penetrate 
matter. Subsequent investigations revealed that 
the alpha-particle consists of a helium nucleus, 
that the beta-particle is identical with an elec- 
tron, and that the gamma-ray is electromagnetic 
radiation. 

Early studies of the spectra of the alpha- 
radiations showed that these particles were 
emitted in monoenergetic groups. At the same 
time it was observed that many of the electron 
spectra which accompanied alpha-disintegration 


*Now at University of Pittsburgh, Pittsburgh, Penn- 
sylvania. 

1 For a summary of the experiments leading to the dis- 
covery of radioactivity and of the work done in this field for 
the first few years following its discovery, see G. E. M 
Jauncey, Am. J. Physics 14, 226 (1946). 


presented a series of monoenergetic lines. For this 
reason the assumption was made that beta- 
radiations were also emitted in monoenergetic 
groups. 

The first serious discrepancies resulting from 
the assumption that beta-rays were emitted in 
discrete groups, as opposed to a continuous dis- 
tribution, arose when Hahn and Meitner? found 
that no monoenergetic lines appeared in the beta- 
spectrum of Radium E. Instead, the spectrum on 
their photographic plate showed a continuous 
background which seemed to extend from a lower 
momentum’ limit of 1600 gauss-cm to an upper 
momentum limit of approximately 5000 gauss- 
cm. This continuous background on the photo- 
graphic plate had a maximum intensity in the 
region of 2100 gauss-cm. 

It is now known that this continuous spectrum 
is the distribution which occurs in the beta-decay 
process. The monoenergetic lines, which had been 
regarded as illustrative of the process of beta- 
decay, are in reality the radiations which result 
when an atomic electron is ejected in lieu of a 
nuclear gamma-ray. This electron radiation is 
customarily referred to as arising from internal 
conversion. Figure 1 illustrates a continuous 
beta-distribution accompanied by superimposed 
internal conversion lines. 

Following the work of Hahn and Meitner? 
many possible explanations were proposed in 
order to account for the existence of a continuous 
distribution. According to most of these pro- 


20. Hahn and L. Meitner, Physikalische Zeits. 9, 321, 697 
(1908). 

3It is customary in beta-ray spectroscopy to express 
momentum p=mv as the product of the homogeneous 
magnetic induction B and the radius of curvature p of the 
orbit of the beta-particle in this field. From the Lorentz 
equations of motion one then obtains 

ae evB/c=mv*/p, 
giving 

mv=p=e{Bp}/c. 
It should be noted that the momentum units gauss-cm 
differ from the conventional c.g.s. units of momentum by 
the factor e/c. Habitual usage has caused momentum to 
be referred to as Hp rather than Bp. 

4 Moseley, Proc. Roy. Soc. A87, 230 (1912); Meitner, 
Zeits. f. Physik 19, 307 (1923); see also Ellis and Wooster, 
Proc. Camb. Phil. Soc. 22, 849 (1925) for a discussion of 
possible effects. 
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posals the continuous distribution of electron 
energies occurred as a consequence of the degra- 
dation in energy of the nuclear beta-particle. 
Under these circumstances the energy of the 
beta-particle would be shared by one or more of 
the atomic electrons, or by electromagnetic 
radiation. The total energy of these radiations 
should then equal the energy available to the 
supposed monoenergetic nuclear radiations. 
However, further experimental work by 
Emeléus,® showed that the number of electrons in 
the Radium E spectrum was equal to the number 
of alpha-particles from Radium F when Radium 
E and Radium F were in equilibrium. This es- 
tablished the fact that the number of beta- 
particles which appear in the continuous dis- 


ilo Ni, 48 KEV 
Pp 
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tribution equals the number of disintegrations, in 
conflict with the above-mentioned proposals. 

These results of Emeléus led Ellis and Wooster® 
to study by means of a calorimeter the average 
energy associated with the disintegration of 
Radium E. According to measurements of the 
beta-distribution of Radium E at that period, the 
distribution had an approximate upper energy 
limit of 1.05 Mev and had an average energy of 
0.39 Mev. Ellis and Wooster pointed out that if 
the spectrum was actually discrete the average 
energy as measured calorimetrically should be 
approximately 1.0 Mev; however, if the spectrum 
was truly continuous as observed, the average 
energy would be 0.39 Mev. 

The calorimetric measurements by Ellis and 


MOMENTUM DISTRIBUTION _ 14, 
OF THE NEGATRONS FROM I 


77 KEV I26KEV 


815 KEV 


800 1200 1600 


251 KEV 


2000 2400 2800 3200 3600 


Hp in gouss-cm 


Fic. 1. The continuous beta-spectrum and internal conversion electron spectrum of I'*!, This illustrates the coexist- 
ence of continuous and discrete electron spectra. 


5K. G. Emeléus, Proc. Camb. Phil. Soc. 22, 400 (1924). 


*C. D. Ellis and W. A. Wooster, Proc. Roy. Soc. A117, 109 (1928). See also L. Meitner and W. Orthmann, Zeits. f. 
Physik 60, 143 (1930). 
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Wooster® indicated that the average energy per 
beta-disintegration of Radium E was 0.35 Mev in 
excellent agreement with the average energy as 
calculated from the observed continuous beta- 
spectrum. 

This evidence implies that either energy is not 
conserved in the beta-decay process or some of 
the energy released in this process escapes from 
the immediate surroundings of the radioactive 
nucleus in the form of radiation which could not 
be detected by the methods used at that time. 


III. The Neutrino Hypothesis and the Fermi 
Theory of Beta-Decay 


As a result of the calorimetric experiments con- 
cerning the average energy of the beta-particles, 
Pauli suggested that energy is conserved in the 
beta-decay process and that the undetected 
energy is carried away by a neutral particle of 
small mass, which is now called the neutrino. 

Using this suggestion Ellis and Mott? postu- 
lated that the energy difference between the 
parent and daughter nuclei in beta-decay is equal 
to the maximum possible kinetic energy of the 
emitted beta-particle plus the energy equivalent 
of its rest mass and that of the neutrino. This 
assumption was later to be found correct and now 
occupies an important position in our ideas con- 
cerning nuclear structure. 

In 1934 on the basis of the neutrino hypothesis, 
Fermi proposed his well-known theory of beta- 
decay. According to the Fermi theory the as- 
sumption is made that a neutrino and a beta- 
particle are emitted simultaneously in the 
disintegration of the radioactive nucleus. The 
kinetic energy of the beta-particle plus the 
kinetic energy of the associated neutrino is equal 
to the maximum kinetic energy of the beta dis- 
tribution; therefore, the concept “of discrete 
energy levels within the nucleus is maintained. 
The maximum energy of the beta-distribution is 
then a measure of the total energy available for a 
given transition. Because of the large mass of the 
nucleus compared to that of the electron or 
neutrino, the requirements for both conservation 
of momentum and conservation of energy allow 
the recoil nucleus to assume only a negligible 


7C. D. Ellis and N. F. Mott, Proc. Roy. Soc. A141, 
502 (1933). 


fraction of the total kinetic energy available to 
the system.*® Therefore, the kinetic energy of the 
recoil nucleus as well as the energy of the soft 
x-ray photons which are emitted because of the 
electron-nucleus charge acceleration is usually 
ignored in the energy balance. 

In this process the parent nucleus is assumed to 
decay to the daughter by a change in its total 
charge Z of +1. If the charge increases by unity, 
an electron and an antineutrino are emitted.° 
When the nuclear charge decreases by unity a 
positron and a neutrino are emitted. 

The transition probability per energy interval 
per unit time for electron-antineutrino emission 
from a beta-active nucleus (or the number of 
particles emitted per energy interval per unit 
time) can now be calculated by the time de- 
pendent perturbation procedure of quantum me- 
chanics.” This calculation results in an expression 
which consists of two main factors: one, a sta- 
tistical factor S(W) dependent upon the total 
(kinetic plus rest) electron energy W; the other 
a matrix element” (ME) containing the wave 
functions of the parent nucleus, the daughter 
nucleus, the negatron (or positron), and the 
antineutrino (or neutrino) along with the proper 
interaction terms between the nucleons and 
leptons." 

The transition probability can be written as 
the probability per unit time for the emission of 
a beta-particle with energies between W and 
W-+dW. This becomes 


P(Z, W)dW=(22/h)|(ME)|?S(W)dW. (1) 


The function S(W) is the density of the total 
number of energy states available and is the 
product of the density of electron energy states 
(p-) and the density of neutrino energy states 
(p,). Mathematically formulated this becomes 


S(W)dW = p.p,dW. (2) 


8 For a detailed discussion of the experiments concerning 
the detection of the recoil nuclei see J. S. Allen, Am. J. 
Physics 16, 451 (1948) and H. R. Crane, Rev. Mod. Physics 
20, 278 (1948). 

* For the purpose of the present discussion the properties 
of the neutrino and antineutrino can be considered as 
identical. 

10For a discussion of this method see Schiff, Quantum 
= (McGraw-Hill Book Company, Inc., 1949), pp. 
1 

11 Lepton refers{to that class of small particle to which the 
negatron, positron, neutrino and antineutrino belong. 
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In order to develop S(W) mathematically it is 
convenient to introduce the following terms: 


W=the total (rest plus kinetic) electron 
energy in moc? units, where mp is the 
rest mass of the electron, 

p=the momentum of the electron in moc 
units, 

W, =the total neutrino energy in mc? units, 

n=the momentum of the neutrino in moc 
units, and 
Wo= W-+W,=maximumelectronenergy. (3) 


In these units the relativistic relations between 
total energy and momentum are 


W=/'+1, (4) 
and 


W,? =12?+ (u/mo)”, 
where y= the rest mass of the neutrino. Since yp is 
assumed to be zero, 
. =1°. (5) 


The quantity p.dW can now be derived from these 
relations. The total number of electron states in 
a given volume of phase space is equal to the 
ratio of that volume to the smallest volume /? in 
which an electron can exist. Therefore, if we con- 
sider a volume element in a momentum space 
(4rp*dp), the total number of states in this 
volume (between W and W+dW) is 


pdW =4rp*dp/h'. (6) 
From Eq. (4) 
pdp = WdW. 
Therefore, Eq. (6) can be written 
pdW=(4nr/h*®)pwdw. (7) 


In asimilar manner, the total number of neutrinos 
between 7» and 7+dn becomes 


pd W, = (42/h*)n?dn, 
and then the density of neutrino states is 
Py = (4°/h*)n?*dn/dW,, (8) 
and since 7?= W,? for n—0, 
py = (42/h*) W,? =42(Wo— W)?/h'. (9) 
Therefore, inserting Eqs. (9) and (7) into Eq. (2): 
S(W)dw 


= (1622/h*)pW(Wo— W)*dW 
= (169?/h*)(W?—1)*W(Wo—W)*dW. (10) 
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Equation (10) presents the statistical factor. It 
now is necessary to consider the matrix element 
(ME). Since (ME) involves an integration over 
the nuclear volume and since the wavelengths of 
the electron and neutrino (or antineutrino) are 
large compared to the dimensions of the nuclear 
volume, the electron and neutrino wave functions 
can be considered as uniform over the nuclear 
volume. If, with this approximation, the element 
(ME) does not vanish, the transition is said to be 
allowed; in general, the element (ME) so ob- 
tained does not vanish if the difference between 
the intrinsic spin and angular momentum of the 
parent and daughter nuclei is zero or one (for the 
so-called ‘‘Gamow-Teller’’ selection rules—tensor 
or axial vector interaction). The Fermi function 
F(Z, p) is derived from the absolute square of the 
electron and neutrino wave functions.” 


F(Z, p) 
4(2pR)*S-%er22 I> | T(S+iaZW/p) |? 


, (a 
\r(2S+1) |? — 


where 


R=the nuclear radius, 

Z =the charge of the daughter nucleus, 

a=the atomic fine structure constant 
(1/137), and 

S=(1—a?Z?)}. 


The Fermi function F(Z, ») possesses this form 
as a result of the distorting effect of the Coulomb 
potential on the otherwise plane wave character 
of the wave function of the electron." 

In the case of elements of low atomic number 
(normally considered as Z<30) the quantity S 
approaches unity and as a result F(Z, p) can be 
approximated" as 


2rZaW/p 


sila en2nZaW |p 


F(Z, p)= (12) 


That part of the matrix element, in an allowed 
transition, which remains inside the integral over 


12 E. J. Konopinski, Rev. Mod. Physics 15, 209 (1943). 

13For the solution of the nonrelativistic equation of 
motion see Jeffries, Mathematical physics (Oxford Uni- 
versity Press, London, 1946), pp. 586-587. For the rela- 
tivistic wave functions in the continuous spectrum for the 
Coulomb field see M. E. Rose, Physical Rev. 51, 484 (1937). 

% Kurie, Richardson, and Paxton, Physical Rev. 48, 167 
(1935); Physical Rev. 49, 368 (1936). 
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the nuclear volume contains only the initial and 
final nuclear wave functions and the proper 
interaction term (tensor or axial vector). This 
integral is independent of the energy of the 
emitted electron and neutrino. 

Thus, for allowed transitions the Fermi theory 
of beta-decay predicts that the number of beta- 
particles emitted per unit time with energies be- 
tween W and W+dW is 


P(Z, W)dW =(const.) F(Z, p) 


X(W?—-1)!W(Wo— W)*dW. (13) 


The differentiation between allowed and for- 
bidden spectra can be obtained in a more general 
manner by the use of the so-called ft value. This 
term ft can be defined as follows: The total 
probability of beta-decay per unit time is pro- 
portional to the inverse of the half-life. If =the 
half-life, then from Eq. (13) 


log2 bide 


—_= P(Z, W)dW 
t 1 
=(const.)f(Z, Wo), 
and 


f(Z, Wo)t=a constant. (15) 


This product of f(Z, Wo)t has a numerical value 
which falls within general limits depending on 
whether the transition is allowed or forbidden." 


IV. The Konopinski-Uhlenbeck Modification 


Experimental evidence!® obtained about the 
time that Fermi proposed his theory appeared to 
indicate that the measured beta-distributions did 
not agree with the Fermi theory. Konopinski and 
Uhlenbeck, in a paper!’ discussing the Fermi 
theory, pointed out that the interaction Hamil- 
tonian between nucleons and leptons which 
Fermi used was not unique. Consequently, they 
proposed a modification of this interaction Hamil- 
tonian wherein the neutrino wave function was 
replaced by its first derivative. 


18For a tabulation of the ft values of a number of 
radioactive beta-transitions and for their empirical classifi- 
cation into allowed and forbidden types see reference 12. 

16 Alichanow, Alichanian, and Dzelepow, Zeits. f. Physik 
93, 350 (1935). Ellis and Henderson, Proc. Roy. Soc. A146, 
206 (1934). 

17E. J. Konopinski and G. E. Uhlenbeck, Physical Rev. 
48, 7 (1935). 
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The effect of this modification on the transition 
probability was to multiply the Fermi distribu- 
tion by a factor (Wo— W)?, giving 


P(Z, W)dW=(const.) F(Z, p) 
x (W?—1)!W(Wo— W) dW. 


This distribution was shown to agree well with 
the experimental evidence available at this 
period. Further measurements, particularly those 
of Kurie, Richardson, and Paxton,“ suggested 
satisfactory agreement with the shape of the 
distribution given by the K-U modification and 
showed marked discrepancies from the distribu- 
tion predicted by the Fermi theory. 

Although it was later shown that source thick- 
ness and straggling of the beta-particles in the 
gas of the cloud chamber greatly distorted the 
spectrum, the work of Kurie, Richardson, and 
Paxton™ made an important contribution to the 
study of beta-spectra. This group introduced a 
new method of analysis of the shapes of the con- 
tinuous beta-distributions. This method is now 
well known as the F-K (Fermi-Kurie) plot. 

Since the number N() of particles emitted per 
unit time per unit momentum interval is pro- 
portional to the probability function P(p), the 
Fermi distribution can be plotted in the following 
manner : Consider 


N()dp = (const.)p?F(Z, p)(Wo— W)*dp; 


then 


N(b)/{P?F(Z, p)}*= (const.)(Wo— W). 


Thus, when N(p)/{p?F(Z, p)}? is plotted 
against energy a straight line should result if the 
distribution obeys the Fermi theory. On the other 
hand, if N(p)/{p°F(Z, p)}* is plotted’ against 
energy, agreement of the distribution with the 
K-U modification would yield a straight line. 

By use of this analysis, Kurie, Richardson, and 
Paxton" showed that the experimental results 
obtained from their cloud chamber histograms 
gave a linear plot only for the K-U modification. 
For the Fermi theory, the plot was convex toward 
the energy axis. Other experimental results!*® also 
seemed to favor the K-U modification of the 
Fermi theory of beta-decay and consequently for 
a time the K-U modification seemed fairly well 
established. 
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V. Restoration of the Fermi Theory 


In 1939 Tyler'® studied the positron and 
negatron spectra of Cu“ using sources and source 
backings of various thicknesses. He found that 
the distortions introduced by very thick sources 
(23 mg/cm?) produced continuous spectra the 
shapes of which resembled those predicted by the 
K-U modification. However, thinner sources of 
Cu®™ (4.7 and 2.2 mg/cm?) gave spectral shapes 
that favored the Fermi theory in the high energy 
region. These curves of Tyler’s are shown in 
Fig. 2. The conclusions drawn from these experi- 
ments were that thin sources gave data in the 
high energy region favoring the Fermi theory, but 
the spectra seemed to deviate from the Fermi 
theory to a much greater extent in the low energy 
region than could be accounted for by the source 
thickness. 

At the same time Lawson! pointed out in a 
study of P** and Na* that only Kurie plots based 
on the Fermi theory gave extrapolated maximum 
energies which were in agreement with the end 
points found in the corresponding continuous 
momentum distribution. In the case of both P® 
and Na*™ Lawson found that a Kurie extrapola- 
tion based on the K-U modification gave end 
points which were 20 to 40 percent higher than 
the maximum energy observed experimentally. 


THIN SOURCE 
THICK SOURCE 


Fic. 2. The Kurie plots for the positrons from Cu ac- 
cording to Tyler (see reference 18). The curves F; and F, 
are F-K plots made in accordance with the Fermi theory 
using two sets of data resulting, respectively, from the use 
of a thick source and a somewhat thinner source. The same 
data treated in accordance with the K-U modification give 
the curves KU2 and KU, 


18 A, W. Tyler, Physical Rev. 56, 125 (1939). 
19 J. L. Lawson, Physical Rev. 56, 131 (1939). 


Further work by Lawson and Cork®® and 
Townsend*! supported the original Fermi for- 
mulation. 

Further evidence against the K-U modification 
has appeared in the study of K-capture/positron 
ratios for transitions that can occur by either 
positive beta-decay or orbital electron capture.” 


VI. The Final Tests of the Fermi Theory 


Up to this point work on allowed spectra had 
favored agreement with the Fermi theory in the 
high energy region ; however, the thinnest sources 
employed failed to give linear F-K plots, all 
showing an excess of particles in the low energy 
regions. In particular, Tyler'* had pointed out 
that the deviation from the Fermi theory in the 
positron spectrum of Cu“ was much greater than 
the deviation in the case of the negatron spec- 
trum. Since it was felt that an instrumental dis- 
tortion should cause deviations of the same order 
of magnitude for both positrons and negatrons, 
the Fermi theory was assumed inadequate in the 
low energy region. 

It was not until 1945 that further tests of the 
Fermi theory were performed. Employing an 
electrostatic spectrometer Backus* measured the 
ratio of positrons to negatrons in the disintegra- 
tion of Cu. The basis of this study rested on the 
assumption that an instrumental distortion 
should not alter the true ratio of positrons to 


Fic. 3. The F-K plot of Lawson and Cork’s (see reference 
20) data on In‘, The linearity over so large a portion of the 
spectrum strongly supports the original Fermi theory. 


20 Lawson and Cork, Physical Rev. 57, 982 (1940). 

21 A. A. Townsend, Proc. Roy. Soc. A177, 357 (1941). 

22 Bradt, Gugelot, Huber, Medicus, Preiswerk, and 
Scherrer; Physical Rev. 68, 57 (1945); Helv. Physica Acta 
18, 351 (1945). 

33 J. Backus, Physical Rev. 68, 59 (1945). 
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W in mc*units 


Fic. 4. The F-K plot of the Cu® positron spectrum as 
obtained by Cook and Langer (see reference 26). Because 
of the small average source thickness, the deviation from 
linearity was for a time thought to be a real effect. 


negatrons, whereas a failure of the Fermi theory 
would quite possibly result in a different ratio. 
The study was restricted to the low energy region 
from 15 kev to 50 kev; the lower limit was im- 
posed by the window of the Geiger-Mueller 
counter and the upper limit by the maximum 
potential of the electrostatic spectrometer. The 
sources which Backus used were thin when com- 
pared to those used by Tyler and were mounted 
upon a 0.03-micron collodion backing. The re- 
sults of this experiment showed a ratio of posi- 
trons to negatrons from Cu*® which was quite a 
bit larger than could be expected from the Fermi 
theory. Because of the care taken in the prepara- 
tion of the source it appeared at the time that 
this discrepancy might be real. 

Cranberg and Halpern™* pointed out that 
Backus’ primary assumption, that scattering dis- 
tortions should be of an equivalent order of 


*L. Cranberg and J. Halpern, Physical Rev. 73, 259 
(1948). ; 


1.4 L6 18 
W in me? units 
Fic. 5. The F-K plot of the Cu™ negatron spectrum ac- 


cording to Cook and Langer (see reference 26). The same 
sources were used as in Fig. 4. 


20 


magnitude for positrons or negatrons, was proba- 
bly not correct. This group suggested that be- 
cause the shapes of the positron and negatron 
distributions of Cu™ were very different in the 
low energy regions, the effects of scattering would 
be different in such a way as to accentuate the 
excess of positrons. 

It was evident that additional data, using thin 
sources and thin backings, concerning the com- 
plete distributions of Cu® was needed. Employ- 
ing a large radius of curvature high resolution 
spectrometer,”® Langer and Cook carried out such 
a study.?* Sources were deposited from solution 
onto thin Zapon backings by evaporation of the 
solvent and subsequent crystalization of the 
source. These were then weighed to obtain their 


25. M. Langer and C. S. Cook, Rev. Sci. Inst. 19, 257 
(1948). 


26C. S. Cook and L. M. Langer, Physical Rev. 73. 601 
(1948). 
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50 100 150 
ENERGY IN KEV 


Fic. 6. The F-K plot of the negatrons from S** according 
to Albert and Wu (see reference 31). This spectrum was the 
first to show the absence of a deviation in the low energy 
region when very thin sources are used. 


average thickness. The measurements indicated 
average thicknesses- ranging from less than 0.1 
mg/cm? to 0.3 mg/cm?. All such sources, although 
of different thicknesses, gave very nearly the 
same spectra, spectra which were in agreement 
with the Fermi theory over a large portion of the 
distribution but exhibited an excess of particles in 
the low energy regions. 

To carry this type of study further the positron 
spectra of Cu®! and N™ were investigated under 
similar instrumental conditions. The largest devi- 
ation from the Fermi theory was encountered in 
the positron spectrum?’ of Cu® which had been 
reported” to be free of nuclear gamma-radiation. 
This spectrum was assumed to be simple and the 
apparent deviation from theory appeared as an 
excess of positrons below 500 kev. However, the 
positron spectrum”? of N"™, which possesses ap- 
proximately the same end point as Cu", displayed 
no significant deviation from the Fermi theory to 
as low an energy as 100 kev. 

The evidence did not establish either the suc- 
cess or failure of the Fermi theory in describing 
the process of beta-decay, but it did serve to 
stimulate a general investigation of the problem. 
The question of experimental technique re- 


27C. S. Cook and L. M. Langer, Physical Rev. 74, 227 
(1948). 

28 W. Gentner and E. Segré, Physical Rev. 55, 814 (1939). 
Bradt, Gugelot, Huber, Medicus, Preiswerk, and Scherrer, 
Helv. Physica Acta 18, 252 (1945). 

29 Cook, Langer, Price, Jr., and Sampson, Physical Rev. 
74, 502 (1948). 


mained ; was it still possible to have instrumental 
distortions when such thin sources and high 
resolution were used? 

A possible solution was offered by Owen and 
Primakoff.*® Their discussion considered the dis- 
tortions which could be expected in a continuous 
spectrum if one takes into account the shapes of 
internal conversion lines when sources of equiva- 
lent thickness are employed. By correcting the 
continuous distributions of both positrons and 
negatrons of Cu™ they showed that the devia- 
tions encountered in the continuous spectra were 
of the same order of magnitude as the distortions 
which could be anticipated to be present by 
analysis of the low energy tails of internal con- 
version lines. 

Experimental technique was now re-examined. 
Albert and Wu,* utilizing sources whose average 
thicknesses were of the order of magnitude of one 
microgram per square centimeter and employing 
a large solenoid spectrometer of very high gather- 
ing power, were able to show that the F-K plots 
of S*5 were linear over the entire range of the 
spectrum. However, when the spectra of the 
positrons and negatrons of Cu were examined 
(see reference 34) by this group the deviations 
within the low energy region were still significant. 

A correction to the Fermi function to take ac- 
count of the shielding of the nucleus by the 
atomic electrons had been derived by Rose*® in 
1936. This correction was recomputed by Long- 
mire and Brown*® for several elements, and was 
shown to be appreciable only in the extremely low 
energy regions. 

Wu and Albert* applied this correction to 
their data on Cu®. Although the low energy 
deviations remained appreciable in both spectra, 
the fact that the negatron correction increased 
the number of low energy negatrons and the 
positron correction decreased the number of low 
energy positrons produced positron to negatron 
ratios which were in closer agreement with 
theory. 


30 G. E. Owen and H. Primakoff, Physical Rev. 74, 1406 
(1948). 

3 R. D. Albert and C. S. Wu, Physical Rev. 74, 847 
(1948). 

3M. E. Rose, Physical Rev. 49, 727 (1936). 

3 C. Longmire and H. Brown, Physical Rev. 75, 1102 
(1949). 

3% C. S. Wu and R. D. Albert, Physical Rev. 75, 1107 
(1949). 
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The primary difficulty, which arises when 
sources are prepared by allowing the salts to 
crystallize from a solution, seems to be caused by 
nonuniform crystallization. Thus the average 
thickness which is obtained by weighing is not a 
true measure of the thickness encountered by the 
beta-particle. 

In order to test these concepts it would indeed 
seem necessary to prepare very thin and ex- 
tremely uniform beta-sources. A device in which 
the source is thermally evaporated onto its 
backing should produce these characteristics. The 
first source prepared by thermal evaporation*® 
was that of Cu®. The choice of Cu® was made 
because the deviation of this spectrum from the 
Fermi theory occurred at a higher energy (about 
500 kev) than equivalent deviations of other 
isotopes, and therefore the effects of a variation in 
source thickness should be easily detectable. 

The results obtained*® showed that the low 
energy excess remained in the positron spectrum 
of Cu®. However, when Cu® was studied the 
sources prepared by thermal evaporation, both 
the positron and negatron spectra*®*7 were found 






LSO 2.00 


Ww 
in me*units 


Fic. 7. The F-K plot of the positrons from Cu® as ob- 
tained by the use of a very thin and uniform source (pre- 
pared by thermal evaporation). The linearity observed in 
this case illustrates the need for uniform sources. Even 
though chemical deposition of sources may produce very 
small average thicknesses, nonuniform crystallization will, 
in general, create widely varying local thicknesses. 


( 35 Sy E. Owen and C. S. Cook, Physical Rev. 76, 1536 
1949), 

36 er Moffat, and Price, Jr., Physical Rev. '76, 1725 
(1949). 

37G. E. Owen and C. S. Cook, Physical Rev. 76, 1726 
(1949). 
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00 Ww 
in mg*units 
Fic. 8. The F-K plot of the negatrons from Cu®, The 


same source was used in obtaining the above data as was 
employed in Fig. 7. x 


to agree with the Fermi theory to energies as low 
as 50 kev. 

Autoradiographs of these evaporated sources** 
showed complete uniformity in the distribution 
of the radioactive material, whereas, similar in- 
vestigations of chemically deposited sources*® 
indicated variations in intensity of as much as 
100 to 1. 

Subsequent work** has shown the existence of 
nuclear gamma-rays in the disintegration of Cu®. 
As a result the disintegration of Cu® can no 
longer be assumed to possess a simple decay 
scheme. This quite probably accounts for the 
deviation** from linearity found in the F-K plot 
of the positrons from Cu®. 

An ideal source for beta-ray studies would, of 
course, be a gaseous source whose radiations 
would not have to be transmitted through any 
solid material. This condition was realized in the 
studies of tritium. By means of large proportional 
counters Curran, Angus, and Cockroft*® obtained 
F-K plots of tritium which were linear as low as 
1000 ev. 

Further studies of other allowed type beta-ray 


38 Boehm, Blaser, Marmier, and Preiswerk, Physical Rev. 
77, 295 (1950); Owen, Cook and Owen, Physical Rev. 78, 
686 (1950). 

39 Curran, Angus, and Cockroft, Phil. Mag. 40, 53 (1949). 
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transitions have indicated linearity in the F-K 
plots to very low energies.*°-” 

A final survey of the experimental evidence 
now strongly supports the Fermi theory of beta- 
decay for allowed type transitions. All other ex- 


49 Price, Motz, and Langer, Bull. Am. Physical Soc. 24, 
No. 7, 10 (1949). : 


4t Lidofsky, Macklin, and Wu, Physical Rev. 76, 1888 
(1949), 


«2 Perez- Mendez and Brown, Physical Rev. 77, 404 (1950). 
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perimental evidence, such as the investigations of 
the forbidden beta-spectra and the K-capture/ 
positron ratios, now also appear to be in good 
agreement with the above mentioned conclusion. 

We wish to thank Dr. H. Primakoff and Dr. 
P. S. Jastram for their helpful comments and 
suggestions. This article was written as part of a 


program of research supported by the ONR and 
the AEC. 


State University of Iowa Colloquium of College Physicists 


The eleventh annual Colloquium of College Physicists 
and the Associated June Lectures were held at the State 
University of Iowa on June 14 to 17, 1950. PRorEssor 
G. W. Stewart, State University of Iowa, was in charge of 
arrangements for the meeting. All meetings were held in 
the Physics Building; housing was provided for the visitors 
by the University in Hillcrest Dormitories and Currier 
Hall. 

The Colloquium Dinner was held in the River Room of 
the Iowa Union on Thursday evening, June 15th. Dr. 
BERNARD B. Watson, Specialist for Physics, Division of 
Higher Education, United States Office of Education, ad- 
dressed the guests upon the topic ‘Current Activities of 
the United States Office of Education.” A feature of the 
Colloquium Luncheon on Friday, June 16th, was the 
awarding of prizes for the Annual Exhibit of New Devices. 
Proressor L. A. TURNER, State University of Iowa, pre- 
sided at the luncheon and Dr. Epwarp TELLER, Los 
Alamos Scientific Laboratory, led an informal discussion 
concerning the most important aspects of the relations of 
government and research. 

The program follows: 


Some problems in radiation biology. Ropert L. SINSHEIMER, Jowa 
State College. Titus C. Evans, presiding. 

Research reports: Investigation of the properties of thin metallic 
films—A. H. WEBER, St. Louis University; Color perception and color 
deficiencies—Z. V. HARVALIK, University of Arkansas; Cold cathode 
mercury arc—PavuL_ L. CopELAND, Illinois Institute of Technology; 
Glow to arc transition—J. G. WINANS, University of Wisconsin. H. K. 
SCHILLING, The Pennsylvania State College, presiding. 


Paleotemperatures of the cretaceous. HAROLD C. Urey, University 
of Chicago. J. W. Bucuta, University of Minnesota, presiding. 

Some chemical evidence relative to the origin of the earth. HAROLD 
C. Urey, University of Chicago. 

The value of physics history to nonscience major students. DUANE 
E. Rotter, Wabash College. A. L. JOHNSON, Crete, Nebraska, presiding. 

Laboratory round table. WILLARD J. Poppy, Iowa State Teachers 
College; PENROSE S. ALBRIGHT, University of Wichita; L. B. Ham, 
University of Arkansas; FRANK VERBRUGGE, Carleton College; Louis 
R. WEBER, Colorado A. and M. College; and R. L. Epwarps, Miami 
University. O. H. Smitu, De Pauw University, presiding. 

Annual exhibit of new devices by members. Exhibitors included 
R. S. ALEXANDER, Washburn Municipal University; F. E. CHRISTEN- 
SEN, University of Minnesota; C. A. CULVER, Park College; J. A. 
ELDRIDGE, State University of Iowa; J. K. FLEMING, United States 
Naval Academy; P. E. Fossum, St. Olaf College; Z. V. HARVALIK, 
Joun A. DouGutTy, AND PauL E. DAMmon, University of Arkansas; 
W. J. Hooper, The Principia; H. C. JENSEN, Lake Forest College; 
PauL E. MARTIN, Whetton College; MARVIN J. Pryor, New York 
State College for Teachers; R. A. ROGERS, Iowa State Teachers College; 
PauL Roop, Western Michigan College of Education; J. L. RYERSON, 
Evansville College; JoHN S. SABy, Cornell University; A. F. SILKETT, 
University of Illinois; ANcIL R. THomas, Valparaiso University; 
Francis E, Turow, Cornell College; AND P. W. WILtiaMs, South 
Dakota State College. 

Interference colors reflected by very thin films. KATHERINE B. 
BLopGETT, General Electric Research Laboratory. P. S. HELMICK, 
Drake University, presiding. 

The photographic emulsion in nuclear research. JOHN SPENCE, 
Eastman Kodak Company Research Laboratories. JAMES JACOBS, pre- 
siding. 

The Associated June Lectures: Hydrodynamics in cosmic physics. 
EDWARD TELLER, Los Alamos Scientific Laboratory. 1. Turbulence 
and origin of the planetary system. 2. Shock hydrodynamics, 3. Mag- 
neto hydrodynamics. 4. Origin of cosmic rays. These lectures were 
sponsored by the Research Corporation. 
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A Quantitative Experiment on Rotational Motion* 


PuiLip A, CONSTANTINIDES 
Wilson Branch, Chicago City College, Chicago, Illinois 


HE purposes of this experiment are: (a) to show that 
constant angular acceleration is imparted to a ro- 
tating body by a given torque, and that it varies propor- 
tionally with the applied torque; (b) to obtain the moment 
of inertia of the body from its rotational characteristics; 
and (c) to obtain the moment of inertia of the same body 
from its mass distribution, and to familiarize the student 
with approximations and methods of approach not en- 
countered when bodies of simple geometrical shape are 
used. 

1. Determination of Angular Acceleration.—To show that 
the angular acceleration imparted to a rotating body is 
proportional to the applied torque it suffices to prove ex- 
perimentally that the corresponding peripheral accelera- 
tions are proportional toe these torques. For these experi- 
ments a ball bearing bicycle wheel 31.70 cm in radius, pro- 
vided with a lead rim! so that its moment of inertia would 
be large in proportion to its mass, was used. The wheel 
(Fig. 1(a)) was carefully balanced and mounted by means 
of V-shaped right angle clamps C on large stands placed 
on laboratory tables so that its axle was about two and a 
half meters above the floor. To obtain the peripheral ac- 
celeration one end of a two and a half meter strip of waxed 
paper weighing 2.60 g was glued to the rim of the wheel, 
while to its other end, after the strip was wrapped around 
the wheel, was attached the paper clamp A and the pan B 
on which was placed the weight producing the rotation. 

The strip moved freely between the adjustable spark 
points P that were connected to a spark timer producing 
120 sparks per second, the intensity of which was con- 
trolled by means of a rheostat connected in series with the 
primary of the spark timer. The data for the determination 
of the peripheral acceleration of the wheel were obtained 
from measurements similar to those used for verifying 
Newton’s second law of motion. In Table I are given the 
experimentally determined values of accelerations, the cor- 
responding successive groups of spark intervals on the 
trace from which these values were obtained, and the cor- 
responding accelerating weights in which the average 
effect of the weight of the paper strip was considered. The 


subscripts to the various symbols refer to corresponding 
traces, while Po representing the initial point of each trace 
is selected so that succeeding points P;, Pz, etc., are sev- 
eral millimeters from each other. 

The constancy of the tabulated values of acceleration 
for a given trace proves that a constant torque imparts to 
a body constant angular acceleration, while the equality 
of accelerations obtained under identical torque condi- 
tions, but with different traces, gives a measure of the re- 
liability of the experiment. 

To determine the proportionality of imparted angular 
acceleration to the applied torque, let F, and F; represent 
the tangential forces exerted by the falling weights w; and 
w3, on the periphery of the wheel when traces No. 1 and 
No. 3 were obtained and LZ; and L; the corresponding 
torques. Then, from the data in the table we have for the 
ratio of applied torques 


La _Fa_wi(g—as) _ 1081(980.3—259.1) 
Li Fy wig—ai) 581.3(980.3 —158.9) 


while for the ratio of the corresponding angular accelera- 
tions, we have 


= 1.636, (1) 


._. =O. (2) 


Similarly, from the data of traces No. 2 and No. 4, we have 
Ly _ Fy _1081(980.3 —258.8) 


L, F, 581.3(080.3—1585) 0° (3) 
and 
aes 
an (4) 


From the equality of the ratios of Eqs. (1) and (2) and 
that of Eqs. (3) and (4) we have convincing experimental 
evidence of the proportionality of angular accelerations 
to the applied torques. 


2. Determination of Moment of Inertia.—The moment of 
inertia of the wheel was obtained from the relation 
I=m/(g—a)R?/a. (5) 
Thus, using the value obtained from trace No. 1, we have 
I, =581.3(980.3 — 158.9 )(31.70)?/158.9 ’ 
= 3,020,000 g cm*. (6) 


TABLE I. Data of peripheral acceleration of the wheel. 


Accelerating weights wi =w2 =581.3 g 
spark groups Acceleration (cm/sec?) 


Accelerating weights ws =ws =1081 g 





spark groups Acceleration (cm/sec?) 

on trace Trace No. 1 Trace No. 2 on trace Trace No. 3 Trace No. 4 
Pio, Peo, Po 159.5 158.4 Pso, Pao, Po 260.3 258.5 
Piao, P70, Pio 159.3 157.7 Po, Pso, Pio 260.3 259.6 
Piso, Peo, P20 159.0 158.6 P00, Peo, P20 258.5 259.2 
Piso, Ps, P20 158.2 158.8 Pio, P20, Pio 259.2 260.1 
Pico, Pico, P40 158.5 159.0 Pi20, Pso, Pao 257.5 256.7 
Av. accl. 
(cm/sec?) a1 =158.9 @2 =158.5 a3 =259.1 a4=258.8 
Moment of in- 
ertia (g cm?) I: =3,020,000 I2 =3,028,000 I; =3,024,000 I4=3,028,000 
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Practically identical values were obtained from the other 
traces as can be seen from the tabulated results, the aver- 
age value of which is J=3,025,000 g cm’. 

3. Calculated Moment of Inertia.—The moment of inertia 
of the wheel was evaluated by adding the moments of 
inertia of its various parts obtained from direct measure- 
ments of their position, dimensions and masses. The vari- 
ous elements of the wheel whose dimensions are given in 
Fig. 1(b) have the following masses: 


Total mass of the rotating parts of the wheel M 
=3328 gm 
Mass of 36 nipples, from the weight of one, mz= 49g 
Mass of 36 spokes, from the weight of one, ms; =207 g 
Mass of hub from its dimensions (approx.), m4= 75 g 
Mass of hoop m, = M —(m2+m3+m,) =2997 g. 


The moment of inertia of the hoop, a cross section of 
which is given in Fig. 1(c), can be calculated by means of 
the parallel axis theorem after the center of gravity of a 
section of the hoop has been determined. The center of 
gravity of a section? is determined by balancing the section 
in two or more positions on the edge of a safety razor 
blade and determining the point of intersection of equi- 
librium lines obtained by pressing the section when in 
equilibrium on the edge of the blade. This point was found 
to be 0.54 cm beneath the periphery of the wheel. Thus, 
the centroidal distance d of the section from the axis of 
rotation CC is 31.16 cm. 

Denoting by Jg the moment of inertia of the section 
with respect to the centroidal axis parallel to the CC-axis 
and by Jc the moment of inertia of the same section with 
respect to the CC-axis, we have from the parallel axis 
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Fic. 1. Experimental arrangement of apparatus and 
Oe dimensions of the wheel. 
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theorem 
Ic=Ig+md*. (7) 


But, since Ig from the mass distribution of the section is 
less than two-tenths of one percent of md? we may take 


Ic =md?=mK? (8) 


from which we have for the radius of gyration of the 
section, K =31.16 cm. Thus, the moment of inertia of the 
hoop = mK? = (2997)(31.16)?=2910000 gm cm?. Since the 
radial distance of the nipples from the axis of rotation is 


r=1sin0é=30 cm, where / is the length of the spoke, we 
have 


Moment of inertia of nipples 
= mor? = 49(30)? = 44,100 g cm?. 
Moment of inertia of spokes = 3m3(/ sin@)? 
= 4msr* = $207(30)? = 62,100 g cm?. 
Moment of inertia of hub is negligible. 


Therefore, moment of inertia of wheel J=3,016,000 g cm?. 

This value differs by 0.3 percent from the average value 
of moment of inertia obtained experimentally. The calcu- 
lated moment of inertia, due to the limitations in the 
precision of evaluating the mass of the hub of the wheel 
and of the radius of gyration is not as precise as that ob- 
tained from the rotational characteristics of the wheel, 
but since it is based upon the very definition of moment of 
inertia, it gives a value which can serve as a fundamental 
reference by means of which the validity of the results ob- 
tained by other methods can be checked. The writer finds 
this method to be quicker and more precise than the one 
involving goniometric measuring devices and that the use 
of a more impressive object, such as the bicycle wheel, 
enhances the significance of the experiment. Much time can 
be saved if specimens of spokes, nipples and hub are avail- 
able for direct determination of their masses and the loca- 
tion of the center of gravity of the section is given to the 
students. 

In conclusion, I wish to express my thanks to John P. 
Karbler of the Physical Science Department for his help 
and interest in developing this experiment. 

* This paper was read in the following meetings: Physics Section, 


Illinois Academy of Science, May 7, 1948; Chicago Chapter of A.A.P.T. 
December 4, 1948. 


1 This type of wheel is standard apparatus used for the demonstra- 
tion of gyroscopic motion. 

2 This section may be replaced and soldered on the wheel or glued 
depending on the use to be made of the wheel. 


Foreign Language for the Physics Student 


G. K. SCHOEPFLE 
Kent State University, Kent, Ohio 


FFERINGS of several foreign languages are now 
available to students in the grades, in the high 
schools and in the colleges. The author has investigated 
the need or desirability of language for the undergraduate 
student of physics by determining the requirements of the 
fifty-four graduate schools which enroll twenty-five or more 
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graduate students in physics.! Information has also been 
obtained regarding the advisability of language from thirty- 
three industrial corporations which employ physicists, 
since the American Chemical Society requires that a 
student show proficiency in German in its undergraduate 
program although there is no similar requirement in physics 
curricula or in the other sciences. The graduate group is 
considered first. 

Foreign Languages in M.S. and Ph.D. Curricula—Some 
graduate schools, such as Cornell University, require for 
the Master of Arts degree only a transcript showing two 
units in two languages or three units in one language. A 
unit represents one year’s study, constisting approxi- 
mately a quarter of a full-load year’s work. For the Master's 
degree, the requirement of one language is most prevalent 
in the East, including New York state. Sixty percent of the 
twenty-one graduate schools consulted in this area have 
one language as a requirement. The schools having this 
requirement include the New England colleges and the 
older private institutions. In half of these schools no men- 
tion is made of a substitute language for either German or 
French, although Spanish, Italian and Russian may be 
substituted by petition in many colleges. The demand for 
a language for the M.S. degree decreases as one proceeds 
toward the middle west. Of the eighteen colleges investi- 
gated between New York state and the Mississippi River, 
only twenty-seven percent require one language. This per- 
centage rises slightly to thirty-seven in the mountain and 
Southwestern regions where the number of institutions con- 
cerned is smaller and drops to thirty-three percent for the 
west coast colleges. In general, a candidate for the first 
graduate degree may need one language if he plans to enter 
a private university in the East. The student who antici- 
pates the doctorate must prepare himself in two foreign 
languages. One-quarter of the total number of graduate 
schools make no mention of substitutes for German and 
French for this degree. Over half of the group lie in the 
east coastal states. In the remaining universities the other 
languages mentioned above are listed as permitted or may 
be substituted upon petition. Often this selection rests 
upon the major department. Over a third of these uni- 
versities recognize Russian without petition; in fact, in 
only those institutions where German and French are 
definitely required is Russian not accepted. 

Foreign Language Requirements for Scientists in Indus- 
try—In recent discussions with industrial corporations 
which employ physicists the author included the question 
of foreign language. Half of the thirty-three corporations 
which replied either employ only physicists with the doc- 
torate or did not express themselves. One-third of the re- 
mainder are in the negative group. These replies indicate 
that availability of translations make it possible for the 
student to spend the time more profitably in other fields. 
Some men in industry feel that the student often fails to 
become sufficiently grounded in the amount of language he 
studies in college and thus wastes his time because the 
language is not really useful to him. Concern is expressed 
over the so-called ‘“‘scientific’’ language course which may 
make a man feel that he can actually read the language 
when he is likely to misread and misunderstand anything 


but the simplest writing because of his lack of basic knowl- 
edge of grammar. The other two-thirds prefer that the 
student study foreign language even though his industry 
may have adequate library facilities in which translations 
of articles may be made much more economically than 
having a technical man spend time in this manner. In many 
cases the feeling exists that language is advisable from the 
cultural point of view and should be studied by the pros- 
pective employee who hopes to become more than a “hands 
and foot’’ worker. One suggestion was the introduction of 
foreign language texts and reference materials in advanced 
courses to give practice in applying the language learned. 
Naturally where foreign service is a possibility, a fluent 
knowledge of language is desired, going beyond the ability 
merely to read and to translate. German is, by far, the 
language mentioned most frequently. French is considered 
less important and much easier for a student to acquire 
subsequently. There is a tendency, perhaps stated with a 
little hesitancy by several industries, toward the possi- 
bility that a knowledge of Russian may be necessary for 
the future. 


1Am., J. Physics 17, 80 (1949). 


Extensions of the Elementary Laboratory 
Experiment on Simple Harmonic Motion 


Jutius SUMNER MILLER 
Dillard University, New Orleans, Louisiana 


HE usual run of general physics laboratory experi- 
ments offers little intellectual excitement to the 
best students, and it is not uncommon to have them re- 
mark quite disparagingly on the questionable worthwhile- 
ness of some experiments. This is more often true in 
mechanics, so it seems, since so many of the experiments 
are fixed to a routine cookbook order of procedure. It 
appears instructionally sound, then, to extend an experi- 
ment, where possible, to more exciting and stimulating 
inquiry. The experiment on simple harmonic motion lends 
itself beautifully to such an extension. 

The classical study is well known. Hooke’s Law is in- 
vestigated for a conical coil spring, the spring constant is 
found, and the experimental and calculated periods of a 
given suspended mass are compared. The student is told 
that to obtain the correct period we must add to the load 
on the spring one-third of the mass of the spring itself. 
In this whole business there is little to tax the imagination 
of the intellectually curious. The following extensions in- 
ject some interesting thinking and speculation. Indeed, I 
know of no other elementary experiment in mechanics 
that gives rise to such heated debate and excited discussion. 


1. Find experimentally the spring constants k; and kez 
for two separate coil springs. 

2. Speculate on the spring constant k for the system 
of the two springs connected in series, as in Fig. 1. 
The analytical student, with a little help, can 














Fic. 1. Springs in series. 


K, 
>. 
\ Fic. 2. Springs in parallel. 
Ky 
K 


Fic. 3. Springs in parallel, 
a secondary arrangement. 


establish 
ike 
so—, 
kitk: 
. Check this & experimentally. 
. Repeat this for the two parallel arrangements, as 
in Fig. 2 and Fig. 3, and show k=ki+hz. 
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5. The motion of any of these systems (loaded with 
an arbitrary mass) may be timed and the periods 
compared with those given by the approximate 
formula. The differences here are quite substantial 
since the contribution of the spring masses to their 
own extension is not too easily established. 

The alert student looks forward to analytical mechanics! 





Isotope Shifts in the Balmer Spectrum of Tritium 
H. POMERANCE AND D. TERRANOVA 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 

MN 1944 members of the Chemistry Division of the Oak 
Ridge National Laboratory prepared some tritium for 
research purposes, using the slow neutron capture by lith- 
ium for production. Previously tritium had been identified 
by its activity. To verify that the activity arose from 
hydrogen of mass three, the isotope shift of the Balmer 
lines was examined. From the theory of the hydrogenic 
atom, the fractional change in wavelength for correspond- 

ing lines from the different hydrogen isotopes is 


» =( = 
r M, M,/’ 


where m is the electronic mass, and Mj, Mz, are nuclear 
masses. For comparison of lines from protium (M,=1) and 
tritium (M:=3), the fractional shift is (1/1837) (1—4) 
or 1/2755; for protium and deuterium (M.=2) the frac- 
tional shift is three-quarters of this value. For the a-line 
of the Balmer spectrum the displacement to shorter wave- 
lengths is then 1.79A for deuterium and 2.39A for tritium, 
from Hz (6562.8A). 

The a-lines from our first spectrogram of tritium and 
the reference iron arc are reproduced in Fig. 1. The spectro- 
graph had a wavelength range that permitted only the 
first three lines of the Balmer series to be recorded with one 
exposure, and Fig. 2 shows these lines from a later sample. 
Geissler tubes of about 12 cm’ capacity with a 2-mm capil- 
lary were filled with the gas at 2 mm of mercury pressure, 
and exposed for ten minutes using a 25,000-volt trans- 
former at several milliamperes. The 1.5-m grating spectro- 
graph gave a linear dispersion of 0.14 mm/A, or a separa- 
tion of 0.34 mm for the a-lines of tritium and protium; a 
50-micron slit was used for the hydrogen exposures. No 


Fic. 1. First spectrogram of 
tritium (and protium; Hq at 
6562.8A). Reference iron arc. 
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Fic. 2. Portions of a film showing the first three lines in the Balmer 
series of tritium and protium. Reference iron arc. 


A= 


Fic. 3. Two spectrograms of the Hg lines juxtaposed to compare the 
tritium-protium wavelength difference with the deuterium-protium 
difference. Reference iron arc. 


Geissler tubes were ever filled with all three isotopes of 
hydrogen, but for visual comparison a composite picture, 
Fig. 3, was made by matching two spectrograms made at 
different times. From measurements of a film exposed with 
a slit 10 microns wide, which corresponded to a line breadth 
of 0.07A, the tritium shift was found to be 2.36+0.05A 
(estimated error) from He (6562.8A). 


Letters to the Editor 


On the Derivation of Euler’s Equation for the 
Motion of an Inviscid Fluid 


N a recent article on hydrodynamics! it was found 
necessary to neglect the time derivative of the fluid 
density in order to arrive at the correct form of Euler's 
equation [Eq. (6) in reference 1] for the motion of a com- 
pressible fluid! This came about because the ‘dynamic 
equation” [Eq. (5) in reference 1] was derived incorrectly. 
The two most common methods of deriving Euler's 
equation may be outlined as follows: 
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1. Use a given fluid mass as “free body,’ and express 
conservation of momentum in the classical elementary 
form 


time rate of change of momentum = net force. 


2. Use a fixed closed control surface, stationary with re- 
spect to the coordinate system. Then fluid flows continu- 
ously through the control surface, and we apply conserva- 
tion of momentum in the form 

time rate of increase of momentum contained within 

the fixed control surface = net force+-net rate at which 

momentum is carried into the control surface by con- 
vective velocities. 


Method 1 is employed in many texts,? and leads directly 
to the form 


ov 
Pa, TOV VV = re —VP: (la) 


or, in Cartesian tensor notation, 


on Ou; op 
p—+pur— =pgi—-—. 
Oe, Oo: 
Method 2 is less common.? In vector notation it requires 
dyadics; hence the Cartesian tensor notation is perhaps 
more suitable. This method — directly to the form 


.- 
ax; 
where a wai index al summation. 


Equations (1) and (2) are equivalent forms, connected 
simply by the equation for conservation of mass: 


(1b) 


< (pus) — 2 (puns) = ~~ (2) 


dp. 9a 
—+—(puz) =0. 3 
ms aa? k) (3) 

In reference 1, the author apparently set out to use 
Method 1, but failed to include the time rate of change of 
the volume containing the fixed mass of fluid. 


S. CORRSIN 
The Johns Hopkins University 


Baltimore, Maryland 


1J. B. Kelley, Am. J. Physics 18, 202 (1950). 


2 See for example, J Coffin, Vector analysis, 2nd ed. (J. Wiley & 
Sons, Inc., New York, 1911), p. 210. 


9 See for example, H. W. Liepmann and A. E. Puckett, Introduction to 


aerodynamics of a compressible fluid, 1st ed. (J. Wiley & Sons, Inc., New 
York, 1947), p. 108 et seq. 


The Extended Bernoulli Equation 


EVERAL unfortunate errors crept into my paper! and 

were the result of hasty checking on my part between 

the rough draft and the typed copy sent to the Journal. 

In the final copy the parentheses on the left-hand side of 

Eq. (4) were misplaced. In the rough draft, Eq. (4) through 
the statement after Eq. (6) read 


< (pudxdydz) = g(pdxdydz) —VP (dxdydz). (4) 


Dropping the common term from Eq. (4) gives 


dy 
—p=go—VP. 
a gp 
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This is the dynamic equation. It is also called Euler's 
equation when written in the form 


_ (6) 


Equation (6) implies the assumption that 


d 
v7 (edxdydz) 


is negligible (zero). 

In criticism of above, which is correct, I should like to 
say that Eq. (6) is superfluous and the statement after 
Eq. (6) is ambiguous. It would have been better to say 
“Equation (5) includes the fact that 


d 
— dydz 
vee ydz) 


is zero (since the mass is assumed to be constant by the 
law of conservation of mass) and therefore pdxdydz is a 
multiplier, not a function of ¢, and hence may be divided 
out.” 

However, the equations which follow are all correct. 
But Eq. (14d), apparently through an understandable 
printing error, reads 


1 
—(p—po) etc., 
p 


whereas it should read 


1 
—(p—po) etc. 
p 


I should like to thank those, including one of my col- 
leagues here at Hofstra, who pointed out the inconsisten- 
cies in Eqs. (4) and (5) and the bad descriptions which 
followed these equations. I should also like to absolve 
James A. Moore of any blame in this matter because the 
rough draft he checked was correct. 


JAMES B. KELLEY 
Hofstra College, 


Hempstead, Long Island, New York 


1James B. Kelley, “‘The extended Bernoulli equation,” 


Am. J. 
Physics 18, 202 (1950). 





Relative Densities of Sun and Mocn 


SIMPLE dimensional argument can be used to show 

that the density of the sun is less than that of the 
moon. The tidal effect of a remote object is proportional to 
the difference! in its gravitational force on the two sides of 
the earth, or to dF/dR. Since gravitational force F is pro- 
portional to M/R?, the tidal effect is proportional to M/R°. 
We now use two well-known observations: (1) The moon 
tides are stronger than the sun tides, and (2) The angular 
diameter of the sun and moon are almost identical, as 
shown by an eclipse of the sun. If the sun and moon had 
the same densities, their masses would be proportional to 
the cubes of their distances, from (2), and their tidal effects 
would be equal. Since the tidal effect of the moon is greater, 


the density of the moon must be greater than that of the 
sun. 


THE EDITOR 









(The Encyclopedia Britannica gives 2.17 as the ratio 
of the moon and sun tide amplitudes, and 3.33/1.41 =2.35 
as the ratio of the densities. ) 

Luis W. ALVAREz 
University of California 
Berkeley, California 


1E. Mach, The science of mechanics (Open Court, Ed. 5, 1942), pp. 
259-264. 





Maxwell’s Equations, Not Again! 


ES, here is another method for recalling Maxwell’s 

thermodynamical relations. Write the abbreviation 
of the plural of the word private to emphasize P, V, T, 
and S. Place the differential of the first quantity, i.e., P 
(the 2nd held constant) with respect to the 4th equal to 
the differential of the 3rd quantity (the 4th held constant) 
with respect to the 2nd, and write it as 


P,(Py);s=P_(Ts);v, (1) 


where (Py);s=(0P/0S)y. The symbol Ps denotes a per- 
mutation of the quantities in the parenthesis; the subscript, 
minus, means that while the quantities on the right are 
being permuted those on the left are held constant in the 
parenthesis, and the converse is true for P,. Permuting the 
quantities in the parenthesis does not change the symbol 
following the semicolon on the side where the operation is 
being performed. However, notice that the subscripts have 
inverse order on both sides of the equation and it is this 
order that must be preserved. Hence, the subscript inside 
the parenthesis will be changed where the operation is per- 
formed while on the other side of the equation only the 
symbol following the semicolon will change. Finally, a plus 
sign is associated with the equation containing P and S in 
respective positions on both sides; or if you like, associate 
the numbers 1, 2, 3, and 4 with P, V, T, and S, and if the 
sum of the quantities following the semicolon is odd, then 
a plus sign is inserted; if the sum is even, then a minus sign. 
Thus Eq. (1) becomes, omitting the parentheses, 


—Py;s=Ts,v. (2) 
Permuting the quantities on the left of Eq. (2), 
Vp;s=Ts;p. (3) 
Permuting the quantities on the right of Eq. (3), 
— Vp;7r = Sr;p. (4) 
Permuting the quantities on the left of Eq. (4), 
Py;7=Sr,yv. 


LERoy PIETSCH 
University of Texas, 
Austin, Texas 





The Simple Pendulum 


HE simple or ideal pendulum is defined as a point 
body suspended by a cord of negligible mass. The 
equation for its period of vibration may be derived (a) by 
equating the accelerating force on the bob to the product 
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of the mass and linear acceleration of the bob and then 
applying the equation for the period of a simple harmonic 
motion, or (b) by regarding it as a special case of the physi- 
cal or compound pendulum. These derivations will be re- 
viewed here with comments as to their relative values and 
applicability to the usual pendulum used in the general 
physics laboratory. 

Let a material particle of mass m, suspended at the end 
of a massless cord of length L, be displaced a distance x 
from its equilibrium position. The accelerating force on 
the bob is mgx/L and the product of the mass and linear 
acceleration a of the bob is ma. Equating these two expres- 
sions and noting that the acceleration is opposite in direc- 
tion to the displacement, we get —x/a=L/g. If the dis- 
placement is small compared with L then the motion of 
the particle is approximately simple harmonic and the 
general equation for the period of a simple harmonic mo- 
tion, T=27(—x/a)}, is applicable. This gives for the period 
of the simple pendulum, T=22(L/g)!. 

Even though the definition requires that the bob of the 
pendulum be a point mass there is nothing in this con- 
ventional derivation which prevents the use of a bob of 
any size whatever. The quantities involved in the deriva- 
tion would remain the same for a given mass for any choice 
of size or shape of the bob and, of course, the formula for 
the period of the pendulum would not vary with the size 
of the bob. In this respect this derivation is inadequate 
since it is known that for a given length of the pendulum 
the period does vary with the size of the bob. 

In the general physics laboratory, a metal sphere is fre- 
quently suspended by a string as an approximation to the 
simple pendulum. Since the moment of inertia of the sphere 
about the point of suspension is (2mr?/5)-+-mL?, where r 
is the radius of the sphere, we get for the period of the 


AMERICAN JOURNAL OF PHYSICS 


VOLUME 18, NUMBER 7 


TS AND NEWS 469 


laboratory pendulum 


T = 2a[L/g((2r*/SL?) +1) }. (1) 


The period of the laboratory pendulum, therefore, de- 
pends upon the radius of the sphere as well as the length 
of the suspension cord. If in Eq. (1), r=0, i.e., if the bob is 
a point mass, then this equation reduces to T=2x(L/g)!, 
the equation for the period of a simple pendulum. 

This derivation makes clear the necessity for assuming 
that the simple pendulum bob isa point mass. Furthermore, 
the calculated value of the period of the laboratory pen- 
dulum by means of Eq. (1) checks more closely with ex- 
perimental values than the value calculated from T 
= 2x(L/g)!. 

An examination of twenty college textbooks of general 
physics reveals that all except one! use a derivation similar 
to (a) for the equation for the period of the simple pen- 
dulum. Of these textbooks approximately two thirds pre- 
sent a discussion of the simple pendulum after treating 
moment of inertia and torque. All of the textbooks ex- 
amined treat the concept of moment of inertia in sufficient 
detail to provide the necessary background for an under- 
standing of the derivation of the formula for the period of 
the physical pendulum. In view of these facts and the in- 
adequacy of derivation (a) in the respect mentioned it 
seems desirable to present the simple pendulum as a spe- 
cial case of the physical pendulum. 

G. PRESTON BURNS 
Mary Washington College of the 


University of Virginia, 
Fredericksburg, Virginia 


1R. A, Millikan, D. Roller and E. C. Watson, Mechanics, molecular 
physics, heat and sound (Ginn and Company, New York, 1937), p. 343. 

Textbooks other than those of elementary college physics treat- 
ing the simple pendulum as a special case of the physical pendulum in- 
clude Properties of matter (Prentice-Hall New York, 1937) by Champion 
and Davy and The general properties of matter (Ernest Benn, London, 
1928) by Newman and Searle. 
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Book Reviews 


Out of My Later Years. ALBERT EINSTEIN. Pp. 282+-viii; 
Figs. 6+1 Plate; 538} in. The Philisophical Li- 
brary, Inc., New York, 1950. Price $4.75. 


This is not, for the most part, a book about Physics. On 
the contrary, it is a collection of some 60 notes, essays, 
occasional addresses, and hitherto unpublished articles of 
very general interest which in their variety defy and over- 
run even such loose classifications as the publishers have 
attempted. The headings for these groupings are: Convic- 
tions and Beliefs (40 pp.); Science (80 pp.); Public Affairs 
(50 pp.); Science and Life (35 pp.); Personalities (20 pp.); 


My People (30 pp.). As indicated, these groupings divide 
but do not classify. Thus much of the material included 
under Public Affairs seems to fit equally well to the desig- 
nation, Convictions and Beliefs. This is, however, quite 
immaterial. Except for the section on Science, where a 
definite continuity exists, the book should be treated as 
“pick-up” reading. In this way one avoids the irritation 
due to the violent mental dislocations involved in the con- 
tinuous reading of discontinuous material. What is, how- 
ever, of much greater importance; this method of frag- 
mentation allows one to see each article as a revelation of 
some element in the personality or attitudes of the author. 
Thus one may achieve what the reviewer has found best 
in the book, a feeling of intimacy with a personality of wide 
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interests and deep sympathies. This one rarely gets from 
the printed page. 

The section on Science may be highly recommended as 
added material for such students of first-year college 
physics as can be persuaded to venture outside of the text- 
book. High School teachers will also find it stimulating 
and may even wish to recommend it to some of their more 
ambitious pupils. 

The thumb-nail portraits under Personalities form a 
most unique and interesting section of the book. 

A. A. KNOWLTON 
Bennington College 


A Brief Course in Physics for Students of Home Economics. 
LEsTER T. Earts. Pp. 340. Prentice-Hall, Inc., New 
York, 1949. Price $5.65. 

This textbook by Lester T. Earls is well written, the 
sketches are clear and descriptive, and the language well 
chosen considering the type of students to which the book 
addresses itself. Being used in a one-semester physics 
course, the book has to be brief. The author therefore has 
cut down the topics to a minimum; thus the teacher has 
no choice in his presentation of topics. 

Subjects are discussed simply, and the book is very 
readable. Some. parts, however, might need a more de- 
tailed discussion in order to give the student an under- 
standing of the ideas involved. This, for example, is the 
case in the discussion of force (p. 22). The concepts of 
motion, uniform acceleration due to gravity, and inertia 
seem to be so important that they cannot be left out, even 
in the briefest and most elementary physics book, which, 
after all, addresses itself to college students. The same is 
true of Archimedes’ principle and sound, all of which are 
not only important from the viewpoint of physics but also 
from the historical and cultural viewpoint. Conservation 
of energy, after being explained very clearly on p. 41, 
finds no practical application anymore, as, for instance, in 
the chapter on machines, where it could be illustrated to 
great advantage. 

The discussion on heat on pp. 61, 62, and 64 uses con- 
cepts of electricity which, however, have not yet been dis- 
cussed, and students might therefore have difficultity in 
understanding the implications. It might be easier to come 
back to the discussion of heat, after developing the neces- 
sary steps in electricity, thus giving also an opportunity 
to review heat and to show the correlation between the 
different branches of physics. 

Electrical units (pp. 170, 176) are discussed so briefly 
that the student does not get acquainted at all with their 
meaning. Simple mathematical proofs, like the ones for 
resistors in series and parallel, are omitted, as well as the 
explanation of simple laboratory experiments. 

The section on light is exceptionally clear, well illus- 
trated, and most rewarding for teacher and student. 

ANNA M. AKELEY 
Purdue University 
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Live with Lightning. MircHELL Witson. Pp. 404. Little, 
Brown and Company, Boston, 1949. Price $3.00. 


Most serious students of physics doubtless feel that 
the cultivation of their science is a glamorous occupation. 
It probably occurs to most such men that science has not 
yet been properly represented in fiction—that the public 
characterization of science and the scientist is ludicrously 
and harmfully wrong, and ought to be improved by some- 
one who knows better. 

Either fortunately or unfortunately, most physicists are 
not writers. Despite their undeniable dissatisfaction with 
the prose offered them and others by commercial writers, 
they themselves cannot repair it. 

Mitchell Wilson is an exception. The jacket blurb of 
Live with Lightning assures us that he has engaged in 
wholly respectable graduate work in physics. At the same 
time, he has managed to sell, for money, works of fiction 
that he himself has written. 

In Live with Lightning, he has produced the most au- 
thentic novel about a physicist that has yet been written. 
The limited enthusiasms and the sounds and dreams of the 
laboratory are faithfully recorded, with understandable and 
minor distortion. Still, there have been few novels about 
physicists, and this is faint praise. 

Live with Lightning is the story of Erik Gorin and his 
growth into maturity. After graduate work at Columbia, 
Gorin tries everything. He is an instructor at Michigan, a 
staff member in a squalid Southern institution, an engineer 
for a machine-tool firm, and finally a leader in the wartime 
atomic-energy program. Along the way, he betrays his 
wife by the seduction of a handy female physicist. 

The climax of the book comes near the end. The forces 
of public evil, as represented by the sharp lawyer who had 
earlier courted Gorin’s wife, propose to capture atomic 
energy for exploitation by large and heartless corpora- 
tions. Venal members of the Congress are supporting this 
attempt. A refugee physicist who has been close to Gorin 
sacrifices himself as a gesture of repugnance for such sordid 
enterprise. Gorin finds a letter which makes it clear that 
the dead man has been admiring Gorin’s wife from afar. 

Over the bier, Gorin finds himself again, and courts his 
wife once more. As Erik and Savina walk off, hand in 
hand, into the sunset, it is clear that life will offer future 
difficulties but, in the main, be happy. 

This isn’t nearly so bad a book as this short and unfair 
summary may indicate. Many things about it are good. 
But it is a disappointment that the first serious novel to 
explore the development of a physicist could not have been 
much better. The plot is far too obviously contrived to 
be convincing. The good men and the bad ones are far 
too surely painted in for us in white and black. Neverthe- 
less, it is a pleasure to have a book about a physicist written 
by a physicist, even a retired one. Maybe there will be 
more of this in the future. 

Meanwhile, it is altogether clear that atomic energy is 
too big a matter even for Mitchell Wilson and Erik Gorin 
put together. 

Louis N. RIDENOUR 
University of Illinois 
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New Members of the Association 


The following persons have been made members or junior members (J) of = American Association of Physics 
Teachers since the publication of the preceding list [Am. J. Physics 18, 340 (1950)]. 


Agren, Raymond, 16145 Pierson St., Detroit 19, Mich. 

Anderson, Miles Edward (J), Box 6281 NT, Denton, Tex. 

Astley, Eugene Roy (J), Adair Village B-21-1, Corvallis, 
Ore. 

Baker, Winslow Furber (J), 53 Wendell Ave., Brockton 
44, Mass. 

Baulch, Walter Monroe, 20 East 42nd St., Covington, Ky. 

Beard, Ronald E., 1507 East Stayton Ave., Victoria, Tex. 

Bearden, Robert Gene (J), 911 West Sycamore, Denton, 
Tex. 

Beckel, Charles Leroy, 2803 North Howard St., Baltimore, 
Md. 

Bents, Ulrich H., 216 E. Lee, Tucson, Ariz. 

Brady, Vincent DePaul, 23 Burbank Terrace, Buffalo, 
N. Y. 

Bridgforth, Robert M., Jr., 164 Valley St., N.E., Abingdon, 
Va. 

Brow, James Barrett, Charlottetown, P. E. Island, Canada. 

Brown, Richard Leland, Allegheny College, Meadville, Pa. 

Budenstein, Paul Philip (J), 528 Alaska St., Bethlehem, Pa. 

Burgess, Foster Frank (J), Box 480, College, Berea, Ky. 

Burkholder, George S. (J), 311 Dormitory 2, Washington 
and Jefferson College, Washington, Pa. 

Burley, Carlton Edwin, Utica College, Utica, N. Y. 

Callaway, Joseph (J), 124 Matoaka Court, Williamsburg, 
Va. 

Chamberlain, William C., Georgia School of Technology, 
Lawson Apts., 227A, Chamblee, Ga. 

Christman, Arthur Castner, Jr., 3500 39th St., N.W., 
Washington 16, D.C. 

Church, Charles Henry (J), 1203 State St., Rolla, Mo. 

Cioccio, Armand (J), 413 Fourth St., Donora, Pa. 

Clothier, Robert Frederic, 390 North College St., Auburn, 
Ala. 

Cole, William Arthur, 154 North New Hampshire Ave., 
Los Angeles 4, Calif. 

Copeland, Augustine Leo (J), 19 Miles St., Millbury, Mass. 

Costello, Ernest Francis, Jr. (J), 536 Seneca St., Bethle- 
hem, Pa. 

Cowell, Smith Eden, South Dakota School of Mines and 
Technology, Rapid City, S. Dak. 

Crawford, George W., Physics Dept., North Carolina 
State College, Raleigh, N. C. 

Dale, William Isaac, 607 College St., Jefferson City, Tenn. 

Daniels, Kenneth Edwin (J), 1 West Main St., Canton, 
N.Y. 

Decker, Richard Warren (J), R.F.D. 1, Boston Road, 
Strongsville, Ohio. 

Derr, Vernon E., Johns Hopkins University, Baltimore 
18, Md. 

Donegon, Roy E., Box 4500, Florida State University, 
Tallahassee, Fla. 

Doughty, Donald D. (J), 158 Montgomery Blvd., New 
Concord, Ohio. 

Drobile, William Anthony, Jr. (J), 335 Gates St., Phila- 
delphia 28, Pa. 


Eatherton, Laurel Jay, 27 St. Joseph St., Rapid City, S 
Dak. 


Eisen, Nathan, 10464 South Cloverdale Ave., Los Angeles 
35, Calif. 

Eppenstein, Walter, Spring Avenue Road, R.D. 4, Troy, 
N. Y. 

Ferguson, Louis Turner, 1105 West 224 St., Austin, Tex. 

Glass, William H. (J), 8 Park Terrace, Corvallis, Ore. 

Grondahl, Lars Olai, 6937 Pennsylvania Ave., Pittsburgh 
8, Pa. 

Grundtner, M. J. (J), 247 West Maryland Ave., St. Paul 
3, Minn. 

Guernsey, Lloyd Bruce, 503 Chicago St., Valparaiso, Ind. 

Guiteras, Joseph J., 1127 12th St., Boulder, Colo. 

Gwin, Reginald, 114A West Tennessee Ave., Oak Ridge, 
Tenn. 

Hall, James Ware, Sr., 613 2nd St., Apt. 3, Marietta, Ga. 

Hall, William G. (J), 816 South Main St., Salisbury, N. C. 

Hand, John Edgar (J), 521 Simpson Ave., Socorro, N. Mex. 

Hanwick, Theodore James, — 46th St., Brooklyn 20, 
N.. ¥. 

Hazlett, Fred Elton (J), 705 — Ave., Charleroi, Pa. 

Hempstead, Charles Francis (J), Cornell University, 
Ithaca, N. Y. 

Herzfeld, Charles M., 6207 South Greenwood Ave., 
Chicago 37, Ill. 

Hicks, John Wilbur, Jr., 5865 Bernhard Ave., Richmond, 
Calif. 

Hilderbrand, James Norman, Murray State College, Tis- 
homingo, Okla. 

Howard, Frederick T., 108 Norris Lane, Oak Ridge, Tenn. 

Innis, Robert Ehlen (J), 2600 Washington Ave., Roselle, 
Wilmington, Dela. 

Ives, Joseph Semmes, 3018 P Street, N.W., Washington, 
pic. 

Jefferson, Donald Earl, Virginia Union University, Rich- 
mond 20, Va. 

Johnson, James Whit (J), 1000 Green Street Circle, Gaines- 
ville, Ga. 

Kallenbach, Paul C. (J), 1361-1 Third St., Champaign, III. 

Karwath, Arthur Alonzo (J), 619 East 6th St., Davenport, 
Iowa. 

Kennel, John M., Box 448, Silver Spring, Md. 

Klump, Theodore, C., 4710-A East 13th, Vancouver, Wash. 

Lazarus, David, Dept. of Physics, University of Illinois, 
Urbana, III. 

Liedtke, John Albert, 509 High St., Bellingham, Wash. 

Linn, Fred Stanley, Jr., 2189 South Kinnickinnic, Mil- 
waukee, Wis. 

Logan, William M. (J), 1431 Simms Drive, S.E., Washing- 
ton 20, D. C. 

Madigan, John R. (J), 1030 South Maple Ave., Oak 
Park, IIl. 


Magsam, John Edward (J), 2601 East Clearfield St., 
Philadelphia 34, Pa. 
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Manning, Thurston E., Dept. of Physics, Oberlin College, 
Oberlin, Ohio 

Manthei, Allen Roth (J), 7645 South Winnetka St., 
Tacoma, Wash. 

Martin, Harold Jay, Connors State Agricultural College, 
Warner, Okla. 

Martin, John W., (J), 20 Danforth St., Jamaica Plain, 
Mass. 

Masket, Albert V. H., Phillips Hall, Chapel Hill, N. C. 

Mathias, Benny Bert (J), 738 Leonard St., Toledo 5, Ohio. 

Matta, Joseph John (J), 4042 Maywood St., Philadelphia 
24, Pa. 

McGinnis, Eugene Aloysious, 1431 Monsey Ave., Scranton, 
Fa. 

McMorrow, Donald Robert, Dept. of Physics, Boston 
College, Chestnut Hill 67, Mass. 

Mears, Kenneth E. (J), 1509 A. St., Lake Charles, La. 

Medlock, Emmett P., Jr., 664 Holderness St., S.W., 
Atlanta, Ga. 

Merkle, Theodore Charles, Jr., 1421 Henry St., Berkeley, 
Calif. 

Merritt, Thomas Parker, Albright College, Reading, Pa. 

Mitchell, H. Rees, 9 Allegheny Ave., Takoma Park 12, Md. 

Mooney, C. Frank, 3301 St. Paul St., Baltimore 18, Md. 

Moteff, John (J), 1196 Salt Spring Road, Youngstown, 
Ohio. 

Norris, V. Lee, Doane College, Crete, Nebr. 

Nyunt, Hla, 15 East Packer Ave., Bethlehem, Pa. 

O’Dell, Harold Cosby (J), 202 Lincoln, Liberty, Mo. 

O'Neill, James Francis (J), 5510 Pemberton St., Phila- 
delphia 43, Pa. 

Pake, George Edward, Dept. of Physics, Washington Uni- 
versity, St. Louis 5, Mo. 

Parker, Eugene Newman, Physics Dept., California Insti- 
tute of Technology, Pasadena 4, Calif. 

Patterson, Louis Diehl, Wheaton College, Norton, Mass. 

Peck, Russell Allen, Jr., Dept. of Physics, Brown Uni- 
versity, Providence, R. I. 

Peet, Charles Stanley (J), 2445 ist Ave., So., Minneapolis 
4, Minn. 

Pfund, Edward Theodore, Jr., 190 Oakland Ave., Methuen, 
Mass. 

Pickard, George Lawson, Dept. of Physics, University of 
British Colombia, Vancouver, B. C., Canada. 

Pieper, George F., Jr., 24 Lothrop Ave., Milton 87, Mass. 

Pietsch, LeRoy (J), 206 East 17th St., Austin, Tex. 

Pohl, Robert George (J), 1002 South Busey Ave., Urbana, 
Ill. 
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Porter, William Hamilton, 104 West Susquehanna Ave., 
Towson 4, Md. 

Randle, D. Orville, S.M.J.C., Summit, Miss. 

Reiss, Richard Frederick (J), 1412:East California, Glen- 
dale 6, Calif. 

Rice, Michael Walter (J), 1040 Everett St., Louisville 4, 
Ky. 

Robb, Howard Eugene (J), 4052 Russell St., St. Louis 10, 
Mo. 

Rogosa, George L., Dept. of Physics, Florida State Uni- 
versity, Tallahassee, Fla. 

Rohrlich, Fritz, Laboratory of Nuclear Studies, Cornell 
University, Ithaca, N. Y. 

Rubin, Ben Z., 16222 Cheyenne Ave., Detroit 35, Mich. 

Rutledge, C. Keith (J), 3791 Elliott St., San Diego 6, Calif. 

Schnauss, Edwin Robert (J), 1208 Dolores Way, Sacra- 
mento 16, Calif. 

Schroeder, Jerrold David (J), 10779 Strathmore Drive, 
Los Angeles 24, Calif. 

Schuler, Sister M. Sylvia, C.P.P.S., St. Mary’s Junior 
College, O’Fallon, Mo. 

Shepherd, Jimmie George, 1114 West Congress, Denton, 
Tex. 

Sprackling, James Alden (J), 144 Jefferson Ave. Janesville, 
Wis. 

Steiger, Walter Richard, Dept. of Physics, University of 
Hawaii, Honolulu, T. H. 

Strickland, Mitchell Reubin, Route 2, Box 36, Nahunta, 
Ga. 

Strohmeyer, Lawrence J., 7922 Belfast St., New Orleans 
18, La. 

Stubbs, Thomas (J), Quaker City, Ohio. 

Sukup, John Peter, 4317 West 99th Place, Oak Lawn, III. 

Swan, William Orr, Jr., P.O. Box 1032, Emory University, 
Ga. 

Taylor, Thomas Wayne, 1003 Egan St., Denton, Tex. 

Tittle, Charles William, Box 5004 N.T. Station, Denton, 
Tex. 

Tool, Myrtle Alice (J), 524 East Main St., Edmond, Okla. 

Vasa, James, J., 2909 North Neva Ave., Chicago 34, IIl. 

Walker, William Charles (J) 1332 Pitos St., Santa Barbara, 
Calif. 


Weeks, Robert A. (J), Box 8187, University of Tennessee, 
Knoxville, Tenn. 

Whitmore, Frank Charles (J), Dept. of Physics, University 
of Delaware, Newark, Dela. 

Whittaker, Alan D., 79 Elinor Ave., Mill Valley, Calif. 

Wilson, Jack L. (J), 507A Jennison St., Crawfordsville, Ind. 





